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ABSTRACT
The decay o f  and th e  ene rgy  l e v e l  scheme o f  B a ^ ^  have been
i n v e s t i g a t e d  u s in g  a s c i n t i l l a t i o n  s p e c t ro m e te r ,  a c o i n c id e n c e  sum
s p e c t r o m e te r ,  a m agne t ic  s p e c t ro m e te r  (doub le  f o c u s in g  ty p e )  and a
c o in c id e n c e  s c i n t i l l a t i o n  s p e c t r o m e te r .  From the a n a l y s i s  o f  th e  m agne t ic
s p e c t ro m e te r  da ta ,  t h e  gamma ra y  s c i n t i l l a t i o n  s p e c t r a  and t h e  gamma-
gamma c o in c id e n c e  d a ta ,  the  ene rgy  ( i n  Kev) and the  r e l a t i v e  i n t e n s i t y
o f  th e  gamma rays were found as ^  475 (1 • 2) 563 (9) , 5 6 9 (1 3 ) ,  605 (100) ,
8 0 0 (9 2 ) ,  1038(1 . 1 ) ,  1 1 6 8 (0 .6 ) ,  1 1 6 8 (2 .1 ) ,  and 1 3 6 7 (3 .6 ) .  S i n g l e
s p e c t r a  a n a l y s i s  ( w i t h  th e  source  c lo s e  t o  the  c r y s t a l )  showed sum
peaks a t  1368, 1401, 1643, 1770, and 3970 Kev thus  e s t a b l i s h i n g  the
134presence  o f  these  l e v e l s  in  Ba . The l e v e l s  a t  1643, 1773, and 
1970 Kev were c o n f i rm e d  by c o i n c id e n c e  sum s p e c t ro m e te r  d a ta .
The be ta  ray  s p e c t r a  o b ta in e d  w i t h  t h e  m agne t ic  s p e c t ro m e te r  were 
a n a ly z e d  u s in g  a F o r t r a n s i t  program w r i t t e n  f o r  IBM-6 50 . T h is  a n a l y s i s  
i n  c o n j u n c t i o n  w i t h  gamma-gamma c o in c id e n c e s  r e s u l t e d  in  f i v e  beta  
groups o f  ene rgy  ( i n  Kev) and i n t e n s i t y  as f o l l o w s :  1453(0.13%),
892 (0 .7% ) ,  655(71%), 410 (2 .1% ) ,  86(26%). K -c o n v e rs io n  c o e f f i c i e n t s  o f  
the  gamma rays  were measured u s in g  t h e ‘ t o m p a r i s o n  method"  and m u l t i ­
p o l a r i t i e s  a s s ig n e d .  The ass ignments  made t o  563 and 1168 ( o f  2.1 
r e l a t i v e  i n t e n s i t y )  Kev gamma rays were found t o  c o n f i r m  those  expec ted
v i  i
v i i i
f rom th e  c o l l e c t i v e  mode l .  A gamma ray o f  energy  200 Kev and i n t e n s i t y
(1 + 0 .5)% was observed  in  the m agne t ic  s p e c t r o m e te r  da ta .
134A decay scheme o f  Cs c o n s i s t e n t  w i t h  the v a r i o u s  measurements 
i s  p roposed .  The s p i n  and p a r i t y  ass ignm ent  t o  the v a r i o u s  l e v e l s  is  
made u s in g  t h e  log f t  v a lu e s  o f  the  v a r i o u s  beta  groups and t h e  
measured K - c o n v e rs io n  c o e f f i c i e n t s .  The ene rgy  ( i n  Kev),  s p i n  and the 
p a r i t y  ass ignm en ts  o f  t h e  v a r i o u s  l e v e l s  a r e :  ground s t a t e  (0+ ) ,
6 05 (2+ ) , 1168(2+ ) , 1402(4+ ) ,  1643(2+) ,  1773(2"  o r  3 " )  and 1970(4+ ) .
CHAPTER I 
INTRODUCTION
The knowledge o f  the  l e v e l  scheme o f  a nuc leus  f u r n i s h e s  an 
im p o r ta n t  c lu e  t o  i t s  s t r u c t u r e .  By le v e l  scheme we mean no t  o n l y  the 
e n e rg ie s  o f  the  l e v e l s  bu t  a l s o  t h e i r  c h a r a c t e r :  i . e . ,  the  s p in  and
p a r i t y  o f  each le v e l  and th e  t r a n s i t i o n  p r o b a b i l i t i e s  f o r  the  decay o f  
e x c i t e d  s t a t e s .  Dur ing  the  l a s t  few years a g r e a t  amount o f  e x p e r i ­
m e n ta t io n  has been done in  t h i s  f i e l d  by s t u d y in g  r a d i o - a c t i v e  decay, 
i n e l a s t i c  s c a t t e r i n g  o f  charged p a r t i c l e s  and neu t rons  and the  p r o d u c t i o n  
o f  gamma rays r e s u l t i n g  f rom n eu t ron  c a p tu re .  The r e s u l t s  o f  such 
expe r im e n ts  show some r e g u l a r i t i e s  wh ich can be a t  l e a s t  p a r t i a l l y  
unders tood  in  terms o f  the t h e o ry  o f  c o l l e c t i v e  model d iscussed  be low.
I t  i s  q u i t e  e v i d e n t  in  those n u c le i  wh ich have an even number o f  
bo th  p ro to n s  and neu t rons  (even-even n u c l e i )  t h a t  they  possess the  
f o l l o w i n g  r e g u l a r i t i e s :
(1 )  The ground s t a t e  i s  0+ w i t h o u t  any known e x c e p t i o n .  The f i r s t
+ 1 2 e x c i t e d  s t a t e  i s  2 w i t h  v e r y  few e x c e p t i o n s .  *
^M. Goldhaber and A. W. Sunyar,  Phys. Rev. 83, 90S (1953).
2G. S c h ra f f -G o ld h a b e r ,  Phys. Rev. 22 ,  587 (1953).
(2) The energy o f  the f i r s t  e x c i t e d  s t a t e  i s  c o r r e l a t e d  w i t h  the 
p ro to n  and the  neu tron  number, and i t  passes th rough  d i s t i n c t  
maxima a t  c lo s e d  s h e l l s .
These n u c l e i ,  hav ing  neu t ron  number e i t h e r  between 90 and ^  112
o r  above ~  13^, are  found to  obey the c o l l e c t i v e  model o f  Bohr and 
3
M o t te l s o n .  The even-even n u c le i  in  these reg ions  a re  c h a r a c te r i z e d  by
a r o t a t i o n a l  band o f  the  ground s t a t e  w i t h  c h a ra c te r s  0+ , 2+ , k +  ,
where the energy o f  th e  s t a t e  w i t h  sp in  I  is  p r o p o r t i o n a l  t o  1 ( 1  + 1).
In the reg io n  between 36 and 88 neu t rons  (66^= ^  150) S c h a r f f -
i+
Goldhaber and Weneser have found s u r p r i s i n g  r e g u l a r i t i e s  in  the  even- 
even n u c l e i ,  d i f f e r e n t  f rom those o f  the r o t a t i o n a l  reg ion ,  wh ich  are 
g iven  below:
(1) The r a t i o  o f  the energy o f  the second e x c i t e d  s t a t e  (E2) to
t h a t  o f  the  f i r s t  ranges between 2 and 2 . 5 .  Only in  cases 
where the p r o to n  or  neu t ron  number i s  near to  the c losed  s h e l l ,  
we f i  nd E2/ E ] <  2.
(2) The second e x c i t e d  s t a t e  is  e i t h e r  0+ , 2+ , or  k+ , bu t
p re p o n d e ra n t l y  i t  i s  found to  be 2+ .
"I*(3) I f  the 'seco nd  e x c i t e d  s t a t e  is  2 , the re  a re  c e r t a i n  ru le s  f o r
the t r a n s i t i o n  p r o b a b i l i t i e s  and f o r  the m u l t i p o l e  o rde rs  o f
the t r a n s i t i o n s  which were f i r s t  po in ted  ou t  by Kraushaar and
^A. Bohr and B. R. M o t te l s o n ,  Kg l .  Danske Videnskab. Selskab.
Mat. f y s .  Medd. 27, No. 16 (1953)-
^G. S c h a r f f -G o ld habe r ,  and Weneser, Phys. Rev. ^8 ,  212 (1955).
G oldhaber .^
(a) The t r a n s i t i o n  f rom th e  second t o  the  f i r s t  2+ s t a t e  is
u s u a l l y  E2 w i t h  o n l y  a smal l  m ix t u r e  o f  Ml,  whereas the
s h e l l  model would p r e d i c t  t h a t  the  Ml t r a n s i t i o n  should 
be about  500 t imes s t r o n g e r  than the  E2 t r a n s i t i o n .
(b) The r a t i o  o f  the c ro s s o v e r  t r a n s i t i o n  (second e x c i t e d
s t a t e  to  th e  ground s t a t e )  t o  t h a t  o f  th e  cascade
t r a n s i t i o n  (second e x c i t e d  s t a t e  t o  the  f i r s t  e x c i t e d
s t a t e )  i s  u s u a l l y  found t o  be less  than  1 whereas the s h e l l
model p r e d i c t s  i t  t o  be 2 5 .
A l l  these f e a t u r e s  sugges t  a c o l l e c t i v e  beh a v io r  o f  these n u c l e i .
k
S c h a r f f -G o ld h a b e r  and Wenser e x p la in e d  these r e s u l t s  by us ing  the
B o h r -M o t te l s o n  model in  th e  reg ion  o f  weak t o  moderate coupl ing-^ and
e x te n d in g  i t  t o  in c lu d e  t h e  i n t e r a c t i o n  between an even number o f  p a r t i c l e s
o u t s i d e  the c lo s e d  core.  They c o n s id e r  the  case when the nuc leus is
f r e e l y  v i  b r a t i  ng in  a col  1e c t  i ve mot i o n : i . e . ,  i t  i nvo lves  no c o u p l i  ng
w i t h  i n d i v i d u a l  nuc leon m o t io n s .  Such a f r e e l y  v i b r a t i n g  body w i l l  have
harmonic  v i b r a t i o n a l  s t a te s  f o r  smal l  a m p l i tu d e s ;  the  f i r s t  e x c i t e d  s t a t e
would cor respond t o  an ene rgy  o f  one phonon 1iw, and th e  second e x c i t e d
s t a t e  would have two phonons as the  e x c i t a t i o n  energy .  The second
+ +e x c i t e d  s t a te  wou ld  be a degenera te  t r i p l e t  w i t h  c h a ra c te r s  0 , 2 ,  and 
4+ . The r a t i o  o f  the  second t o  the f i r s t  e x c i t e d  s t a t e  E ^ ^ l  = = 2
e x p la i n s  the minimum va lue  as found e x p e r i m e n t a l l y .  In such a case Ml
^J .  J.  Kraushaar  and M. Goldhaber,  Phys. Rev. 8^ ,  l 08 l (1953)
t r a n s i t i o n s  would be c o m p le te l y  f o r b i d d e n  s in c e  the  v i b r a t i o n s  a re  a x i a l ,  
and o n l y  pure E2 t r a n s i t i o n s  f rom th e  second t o  the  f i r s t  e x c i t e d  s t a t e  
would o c c u r .  T h is  e x p l a i n s  the  f i r s t  i n t e n s i t y  r u l e  3 ( a ) .  The second 
i n t e n s i t y  r u le  3 (b )  f o l l o w s  from th e  f a c t  t h a t  one phonon jump is  
favo red  over  t h a t  o f  two, caus ing  o n l y  a v e ry  weak t r a n s i t i o n  f rom the  
second 2+ s t a t e  t o  the ground s t a t e .  By c o n s id e r i n g  the  c o u p l i n g  o f  
i n d i v i d u a l  nuc leons t o  the  core  (hav ing  c lo s e d  s h e l l )  w i t h  f r e e  phonon 
( s u r f a c e )  v i b r a t i o n ,  t h e y  in t r o d u c e  a sm a l l  ad m ix tu re  o f  Ml t r a n s i t i o n  
and a l s o  inc rea se  the ene rgy  r a t i o  o f  th e  second t o  the  f i r s t  2+ e x c i t e d  
s t a t e .  A l s o  t h i s  a d d i t i o n a l  c o u p l i n g  term g ives  the  o r d e r  o f  the 
degenera te  t r i p l e t  o f  the  second e x c i t e d  s t a t e  as 4  , 2 , and 0 . The 
sequence o f  these l e v e l s  i s  no t  v e r y  r i g i d  and can be changed by i n t r o ­
duc ing an anharmon ic  te rm.  A v e r y  good example o f  t h i s  i s  found in  case
1 14o f  Cd where th e  sequence o f  l e v e l s  has been found e x p e r i m e n t a l l y  as 
2+ , 4+ , and 0+ in s te a d  o f  4+ , 2+ , and 0+ .^
W i l e t s  and Jeans^ have g iven  an o th e r  e x p l a n a t i o n  o f  the  v i b r a t i o n a l  
b e h a v io r  o f  even-even n u c l e i .  T h e i r  model assumes c o l l e c t i v e  s u r fa c e  
o s c i l l a t i o n s  where the i n d i v i d u a l  nucleons a re  t r e a t e d  in  f i r s t  a p p r o x i ­
mat ion  as o n l y  c o n t r i b u t i n g  t o  an e f f e c t i v e  p o t e n t i a l  energy th rough  
t h e i r  c o u p l i n g  t o  the s u r f a c e  (s t rongcoup  1in g  a p p r o x im a t i o n s ) .  The 
p r e d i c t i o n s  o f  t h e i r  model a re  found t o  agree w i t h  t h a t  proposed by 
S c h a r f f -G o ld h a b e r  and V/eneser.
5
To s tudy  the  a p p l i c a b i l i t y  o f  these models t o  the even-even n u c l e i ,  
an e x te n s i v e  i n v e s t i g a t i o n  o f  le ve l  scheme was under taken .  A
b r i e f  summary o f  the  v a r io u s  i n v e s t i g a t i o n s  so f a r  conducted on t h i s  
nuc leus i s  g iv en  below:
The decay o f  2.19 year  Cs'34 wh ich  leads t o  e x c i t e d  l e v e l s  o f  Ba '34
g
by beta  em iss ion  has been e x t e n s i v e l y  s tu d ie d  by severa l  groups u s ing
v a r io u s  aspec ts  o f  be ta  and gamma ray  spec t roscopy .  However, i t s  decay
scheme is  s t i l l  i n c o m p le te l y  known because o f  the  c o m p le x i t y  o f  i t s  beta
and gamma ray s p e c t ra .  From magnet ic  spec t rom e te r  measurements made by
q l n
Waggoner, Moon, and Rober t , -3 Joshi and Theosar,  B e r t o l i n e ,  B e t t o n i ,  
and L a z z a r i n i , ^  Cork e j : .£ j_ . , ^  K e i s t e r ,  Lee and Schmi d t ^ ’ ^  e leven 
gamma rays have been re p o r te d  w i t h  average ene rg ies  o f  202, 475, 563,
569, 605, 797, 802, 1038, 1168, 1367, and 1401 Kev. Two gamma rays have 
been repo r te d  by G i rg is ^ * ’ hav ing ene rg ies  960 and 1570 Kev from s i n g l e
^ N u c lea r  Data Sheets,  N a t iona l  Research C ounc i l ,  Washington, D.C.
^M. A. Waggoner, M. L. Moon and A. Rober ts ,  Phys. Rev. 80 ,
420 (1950) .
1°M. C. Joshi  and B. V. Thosar,  Phys. Rev. 5 6 , 1022 (1954).
^ G .  B e r t o l i n i ,  B. B e t ton i  and L a z z a r i n i ,  Nuovo Cimento 2, 273 
(1955 ) ;  1 ,  746 (1955).
12.
AJ. M. Cork, J. M. Leb lanc, W. H. Nes te r ,  D. W. M a r t i n  and 
M. K. B r i c e ,  Phys. Rev. 90, 444 (1953).
^ F .  H. Schmidt and G. L. K e i s t e r ,  Phys. Rev. 86, 632 (1952).
^ G .  L. K e i s t e r ,  E. B. Lee and F. H. Schmidt,  Phys. Rev. £7,
451 (1955).
^5r , k . G i r g i s  and R. Van L ies hou t ,  Nuc lea r  Physics JJ2, 675 (1959) .
6
and sum s p e c t r a  s t u d ie s .  Two more gamma rays hav ing e n e rg ie s  1640 and 
1970 Kev have been r e p o r te d  by French and G o o d r i c h , ^ 0 b u t  these  were 
l a t e r  a t t r i b u t e d  t o  the sum p u ls e s .  The gamma rays hav ing  e n e rg ie s  
960, 140],  and 1570 Kev have been observed o n l y  once and seem t o  be 
d o u b t f u l .  The 202 Kev gamma ray has been re p o r te d  t w ic e ,  and th e  re s t
g
have been r e p o r te d  t h re e  o r  more t im es .
g
Nine beta  groups have been d e te c te d .  Of these  the  86 and the
655 Kev beta groups a re  w e l l  e s t a b l i s h e d ,  and the r e s t  a re  d o u b t f u l
because o f  the  d isagreement  amongst the v a r io u s  w o rke rs .
The i n t e r n a l  and e x t e r n a l  c o n v e rs io n  c o e f f i c i e n t s  o f  the  v a r io u s
8
gamma rays have been measured by d i f f e r e n t  groups. The most e x te n s i v e
c o n v e rs io n  c o e f f i c i e n t  measurements were done by K e i s t e r ,  Lee and 
14
Schmidt.  M u l t i p o l a r i t i e s  were ass igned  t o  the v a r io u s  gamma rays by 
these  a u th o r s .  The i n t e r n a l  conv e rs io n  c o e f f i c i e n t  measurements on the 
h igh  energy gamma rays were repeated by F r i e l  and W e b e r . ^  No group has 
y e t  been a b le  t o  a s s ig n  d e f i n i t e  m u l t i p o l a r i t i e s  t o  some o f  these  gamma 
r a y s .
134The f i r s t  decay scheme o f  Cs was pu t  fo rw a rd  by B e l l  and
18E l l i o t .  S ince then a good deal o f  i n f o r m a t i o n  has been c o l l e c t e d .
The l a t e s t  decay scheme i n c o r p o r a t i n g  the most a c c e p ta b le  data  has
^ J o h n  D. French and Max Goodr ich ,  B u l l .  Am. Phys. Soc. Ser ies  
I I ,  4,  391 (1959) .
^ z .  O ' F r i e l  and A H. Weber, Phys. Rev. 101, 1076 (1956) .
18L. G. E l l i o t  and R. E. B e l l ,  Phys. Rev. 72, 3&3 (1947) .
appeared in  Nu c lea r  Data Cards w h i l e  the p r e s e n t  i n v e s t i g a t i o n s  were 
conduc ted .  I t  i s  shown In  F ig .  1.
O
From th e  s tudy  o f  the  r e s u l t s  re p o r te d  by the  v a r io u s  groups i t
Is  q u i t e  e v i d e n t  t h a t  t h e r e  is  a g r e a t  d isagreement  about  th e  e x i s t e n c e
and the  p o s i t i o n  o f  c e r t a i n  b e ta -g roups  and gamma rays In  th e  decay
scheme. A l s o  th e  c h a r a c t e r i s t i c s  o f  some l e v e l s  are  u n c e r t a i n .  These
1 34d isagreem ents  led us t o  i n v e s t i g a t e  t h e  decay scheme o f  Cs nuc leus .
A tho rough  i n v e s t i g a t i o n  o f  the i n t e r n a l  conv e rs io n  c o e f f i c i e n t s  o f  t h e
v a r i o u s  gamma rays a lo n g  w i t h  a c a r e f u l  a n a l y s i s  o f  the b e t a - r a y  s p e c t r a
was proposed.  A double f o c u s in g  m agne t ic  spec t rom e te r  a f t e r  the d es ign
I q 20
o f  Swartholm and Siegbahn * was used f o r  t h i s  purpose. I t  was hoped
t h a t  d e f i n i t e  s p in  and p a r i t y  ass ignments  c ou ld  be made on the bas is
o f  these  measurements.  A complete a n a l y s i s  o f  the  s i n g l e  and sum s p e c t r a
due t o  gamma rays  was a l s o  under taken .  I t  was expected t h a t  t h i s  a n a l y s i s
c o u ld  enable  us t o  de te rm ine  the r e l a t i v e  gamma ray i n t e n s i t i e s  and t h e i r
p o s i t i o n s  in  the decay scheme. A f u r t h e r  s tu d y  o f  the sum pu lse  spect rum
was made w i t h  a c o i n c id e n c e  sum spec t rom e te r  c o n s t ru c te d  a f t e r  the
21d e s ig n  o f  Hoogenboom. Th is  would enab le  a c o n f i r m a t i o n  o f  the
p o s i t i o n  o f  th e  v a r io u s  h ig h  energy l e v e l s  in  t h e  decay scheme. A
22
c a r e f u l  r e - a n a l y s i s  o f  the  c o in c id e n c e  data o b ta in e d  by French was
^ S w a r th o lm  and K. Siegbahn, Akad. Mat.  As t .  Fys . A33 No. 21 (1946).
20
K. Siegbahn and N. Swar tho lm,  Nature,  157> 872 (1946).
21
A. M. Hoogenboom, Nuc lear  In s t ru m e n ts ,  3., 56 (1958 ) .
22
John D. French, Ph.D. D i s s e r t a t i o n  s ubm i t ted  t o  the  Lou is iana  
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F ig .  1. Decay Scheme o f  Cs as Accepted by Nuc iear  Data Cards.
9
done w i th  t h e  hope o f  removing c e r t a i n  d i s c r e p a n c ie s .  A " f a s t - s l o w l!
23c o in c id e n c e  c i r c u i t  was c o n s t r u c te d  a f t e r  the  des ign o f  B e l l  in  o rd e r  
t o  make measurements o f  the  l i f e  t im es  (o f  c e r t a i n  l e v e l s )  o f  th e  o rd e r  
o f  10 ^  sec.
23
R. E. B e i l ,  R. L. Grahm, and H. E. Petch, Canad. J .  Phys. 
30,  No. 1, 35
CHAPTER 1!
PRINCIPLE OF DETECTION AND INSTRUMENTATION
The techniques o f  d e te c t in g  and measur ing nuc lear  r a d ia t i o n s  have 
been developed e x te n s i v e ly  du r ing  the  l a s t  few years ,  m a in ly  due to  
the advent o f  s c i n t i l l a t i o n  coun te rs .  The p r i n c i p l e  o f  d e te c t io n  o f  
these counters can be o u t l i n e d  b r i e f l y  as f o l l o w s .  A gamma ray o r  a 
charged p a r t i c l e  f a l l i n g  on the s c i n t i l l a t i n g  c r y s t a l ,  knocks out  
e le c t r o n s  from an atom o f  the  c r y s ta l  and imparts  i t  some k i n e t i c  
energy which is  re la ted  in amount t o  the energy o f  the i n c id e n t  p a r t i c l e .  
Th is  e l e c t r o n  then moves in s id e  the c r y s ta l  u n t i l  i t  loses a l l  i t s  
energy through e x c i t a t i o n  o r  i o n i z a t i o n  o f  o the r  atoms o f  the c r y s ta l  
(NaI o r  p l a s t i c  phosphor in  these expe r im en ts ) .  The l i g h t  ou tpu t  from 
the va r io u s  pa r ts  o f  the c r y s t a l  as a r e s u l t  o f  d e - e x c i t a t i o n  t r a v e l s  
through i t  and impinges on the pho to-cathode sur face o f  the pho to - tube .  
This r e s u l t s  in the l i b e r a t i o n  o f  the pho to -e le c t ro n s  from the cathode. 
These e le c t r o n s  are m u l t i p l i e d  in severa l  stages o f  the p h o t o m u l t i p l i e r  
and f i n a l l y  c o l l e c t e d  on i t s  anode. An ou tpu t  pulse f rom the anode is 
then fed t o  the p r e a m p l i f i e r  which has a cathode f o l l o w e r  ou tpu t  stage 
going t o  the l i n e a r  a m p l i f i e r .  The he igh t  o f  the ou tpu t  pulses o f  the 
l i n e a r  a m p l i f i e r  is then analyzed by a s in g le  channel o r  a mu lt ichanne l  
ana lyze r .
10
In the  p re s e n t  i n v e s t i g a t i o n  o f  C s t h e  f o l l o w i n g  ins t rum en ts  
were used:
(1) A s c i n t i l l a t i o n  spec t rom e te r  us ing  a 3 inch x  3 inch c y l i n d r i c a l
N a l ( T l )  c r y s t a l  mounted on a Dumont type  6363 p h o t o m u l t i p l i e r  tube.
(2 ) .  A f a s t - s l o w  co inc id ence  s c i n t i l l a t i o n  spec t rom e te r  us ing  two 
1 inch x  l i  Inch d iam e te r  N a I ( T I ) mounted on two RCA 6810-A pho to ­
m u l t i p l i e r s  w i t h  a f a s t - s l o w  co in c id e n c e  c i r c u i t .
(3) A c o in c id e n c e  spec t rome te r  u s ing  two 3 inch x 3 inch c r y s t a l s
w i t h  6363 Dumont tubes .
(4) A double  fo c u s in g  magnet ic  s p e c t ro m e te r .
A b r i e f  d e s c r i p t i o n  o f  the v a r io u s  u n i t s  in v o lv e d  f o l l o w s :
(A) C ry s ta l  and P h o t o m u l t i p l i e r  Assembly
The c r y s t a l  mount ing on the  p h o t o m u l t i p l i e r  tube is  o f  extreme 
impor tance as the  r e s o l u t i o n  o f  the c r y s t a l  is  c o n s id e r a b l y  a f f e c t e d  i f  
the mount ing i s  no t  p rope r .  Since the N a l ( T l )  c r y s t a l  i s  hyg roscop ic ,
i t  has t o  be packed c a r e f u l l y  in  a d r y  box.
A p a i r  o f  3 inch  x 3 inch c r y s t a l s  were used f o r  the  c o inc id ence  
sum spec t rom e te r  ou t  o f  wh ich one c r y s t a l  was a l s o  u t i l i z e d  f o r  s i n g le s  
s pec t rom e te r .  They were packed in  the  la b o r a t o r y  a c c o rd ing  t o  the method 
desc r ib ed  by B e l l . ^
Another  p a i r  o f  p h o t o m u l t i p l i e r s  type  RCA 6810-A were used f o r  the 
" f a s t - s l o w "  c o in c id e n c e  c i r c u i t .  The 1-g- inch x 1 inch c y l i n d r i c a l  c r y s ­
t a l s  employed w i t h  these tubes were packed h e r m e t i c a l l y  by the Harshaw
2b P. R. Bel 1 i n Beta and Gamma Ray Spectroscopy edi  ted by K. 








6V rX  X
5V
5 0 0  V
56516 UF
HV
Fig.  2. High Vo l tage Power Supply C i r c u i t  f o r  Fourteen Stage P h o t o m u l t i p l i e r s .
1 2
Chemical Co. These c r y s t a l s  were mounted on the  p h o t o m u l t i p l i e r  tubes  
us ing  s i l i c a  gel and were  covered w i t h  b a l c k  Scotch tape t o  make t h e  
tubes l i g h t  t i g h t .  The r e s o l u t i o n  o f  the v a r io u s  c r y s t a l s  mounted v a r i e d
1-37
from 9 t o  10.5% f o r  t h e  661.6 Kev gamma ray o f  Cs .
(B) Power Supply
A r e g u la te d  power supp ly  o f  conve n t iona l  des ign  has been used f o r  
the Dumont 6363 p h o t o m u l t i p l i e r  tubes .  The v o l t a g e  g e n e r a l l y  a p p l i e d  to  
the p h o to - tu b e  was a b o u t  800 v o l t s .  Th is  v o l t a g e  was c o n s t a n t l y  m on i to red  
by a p o te n t io m e te r  and was found t o  s tay  s t a b le  t o  b e t t e r  than + 0 .2  v o l t s .
A heavy du ty  n e g a t i v e  v o l t a g e  power supp ly  was r e q u i re d  f o r  the  
RCA 6810-A p h o t o m u l t i p l i e r s .  These p h o t o m u l t i p l i e r s  a re  fo u r te e n  s tage  
type and r e q u i r e  s p e c ia l  power s u p p l i e s  capable  o f  d e l i v e r i n g  12 ma o f  
c u r r e n t  a t  2000 v o l t s .  Such a power supp ly  was des igned and c o n s t ru c te d  
in  the la b o r a t o r y .  The c i r c u i t  f o r  t h i s  power supp ly  is  shown in 
F ig .  2.  A s t r i n g  o f  5651 v o l t a g e  r e g u la t o r  tubes was used in the 
c i r c u i t  (as shown) in  o rd e r  t o  improve the s t a b i l i t y  o f  the c i r c u i t .
Th is  power supp ly  c ou ld  be v a r i e d  in  v o l t a g e  o u tp u t  f rom 1800 to  2300 
v o l t s .  I t  showed a s t a b i l i t y  b e t t e r  than 0 .2  v o l t s  when used in 
c o n ju n c t i o n  w i t h  a s o l a  cons tan t  v o l t a g e  t ra n s fo r m e r .
(C) P r e a m p l i f i e r ,  L i n e a r  A m p l i f i e r ,  and S in g le  Channel Ana lyze r
The c i r c u i t  f o r  one o f  the p r e a m p l i f i e r s  was a f t e r  th e  design o f  
25
Jordan and Be l l  and th e  p r e a m p l i f i e r  has a ga in  o f  10. The p r e a m p l i f i e r  
and the twenty  channel an a ly z e r  w i t h  wh ich i t  was used were (Model 521)
25W. H. Jordan and P. R. B e l l ,  Rev. Sci . i n s t r .  JJ3, 703 (19V7).
]k
s u p p l ie d  by Atomic in s t rum en t  Co. The p r e a m p l i f i e r  has a ga in  o f  30.  
Both p r e a m p l i f i e r s  c ou ld  handle pu lses  w i t h  a r i s e  t im e as f a s t  as 
0 .25 JA. sec.
The w ide  band a m p l i f i e r s  were b u i l t  by Atomic Ins t rum en t  Co.
Each in c lu d e  a pu lse  h e ig h t  s e l e c t o r  u n i t  wh ich g ives  a f i x e d  o u tp u t .
Two d i f f e r e n t  o u tp u ts  cou ld  be o b ta in e d ,  one d i r e c t l y  from th e  l i n e a r
a m p l i f i e r  which i s  p r o p o r t i o n a l  t o  the i n p u t ,  and th e  second from the
p u lse  h e ig h t  s e l e c t o r  u n i t  wh ich  has a f i x e d  o u tp u t .
The o u tp u t  o f  t h e  l i n e a r  a m p l i f i e r  i s  then fed  t o  the s i n g l e
channel  a n a ly z e r  o r  the  twenty  channel  a n a ly z e r .  The former  has been
26b u i l t  in  the  l a b o r a t o r y  a f t e r  th e  des ign o f  F ranc is  and B e l l .  The 
o u tp u t  o f  the s i n g l e  channel a n a ly z e r  Is recorded by a b in a r y  s c a l e r .
(D) "F a s t -S lo w "  Co inc idence C i r c u i t
Th is  c i r c u i t  was c o n s t ru c te d  f o r  the  measurement o f  l i f e  t im e o f  
v a r io u s  s t a te s  and f o r  c o inc id ence  s t u d ie s .  The b lo c k  diagram o f  the 
e l e c t r o n i c  c i r c u i t  i s  shown In F ig .  3- I t  in c o rp o ra te s  a f a s t  
c o in c id e n c e  c i r c u i t  whose r e s o l v i n g  t ime can be v a r i e d  f rom 4 n-sec 
onwards. The type o f  p h o t o m u l t i p l i e r  tubes used were RCA 6810-A hav ing 
an i n t r i n s i c  pu lse spread o f  o n l y  1 n -sec .  The v o l t a g e  o u tp u ts  f rom 
both  the pho to - tubes  are  taken a t  two p la c e s ,  one a t  the anode and the 
o t h e r  a t  the  seven th dynode. The dynode o u tp u ts  a re  fed to  two 
p r e a m p l i f i e r s  ' A 1. The ou tp u t  f rom one o f  the p r e a m p l i f i e r s  i s  taken t o
9 AJ .  E. F r a n c is ,  J r . ,  P. R. Be l l  and J. C. Gundlach, Rev. S c i . 
I n s t r .  22, 133 (1951) .
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a 204-B Atomics Linear '  a m p l i f i e r ,  s i n g le  channel  a n a ly z e r ,  a p u l s e  shaper 
and then fed  to  the  s low co in c id e n c e  c i r c u i t  as one o f  the i n p u t .
The o u tp u ts  f rom the anodes o f  the  6810-A p h o t o m u l t i p l i e r  tubes
g iv e  n e g a t i v e  pu lses o f  about  300 v o l t s  f o r  800 Kev gamma rays .  These
ou tpu ts  a re  d i r e c t l y  fed t o  the f a s t  c o in c id e n c e  c i r c u i t  c o n s i s t i n g  o f
pu lse  l i m i t e r s  and a d iode m ix e r  des igned on the bas is  o f  one g iven  by 
23
B e l l  e_t.a_j_. The l i m i t e r  c i r c u i t  f o r  each p h o to - tu b e  was b u i l t  under the 
chass is  on which the ph o to - tu b e  i t s e l f  was mounted. The mixed o u t p u t  o f  
the  two l i m i t e r  c i r c u i t s  is  fed  to  a 1N21 c o in c id e n c e  d iode wh ich has 
been s u i t a b l y  b iased ( f o r  d e t a i l e d  d i s c u s s io n  see Re f.  27 ) .  The o u tp u t  
f rom the co inc id ence  d iode is  o f  the  o rde r  o f  o n l y  a few m i l l i - v o l t s  
and Is a f u n c t i o n  o f  the b ias  s e t t i n g  o f  the  d iode .  Th is  o u tp u t  pu lse  
is  fed t o  model 20^-B l i n e a r  a m p l i f i e r  (Atomic Ins t rum en t  C o . ) .  No 
cathode f o l l o w e r  was needed s in c e  the c r y s t a l  d iode was mounted on the 
l i n e a r  a m p l i f i e r  i t s e l f .  Due t o  the  n o n - l i n e a r  c h a r a c t e r i s t i c s  o f  the 
c r y s t a l  d iode ,  i t  cou ld  be used t o  d i s c r i m i n a t e  between c o in c id e n c e  and 
s i n g l e  p u ls e s .  The c o inc id ence  t o  s i n g l e  o u t p u t  p u ls e  r a t i o  was 
o b ta ined  as 5-3 :1  w i t h  s u i t a b l e  ad jus tm en t  o f  10 K i lo -ohm  h e l i p o t .
The diode o u tp u t  i s  fed t o  the  l i n e a r  a m p l i f i e r  whose ga in  was s e t  to  
ge t  an o u tp u t  pu lse  o f  20-30 v o l t s .  The s in g le s  o u tp u t  pu lses  were 
f u r t h e r  d i s c r i m i n a t e d  a g a in s t  by us ing  a s i n g l e  channel d i f f e r e n t i a ]  
a n a ly z e r  as an i n t e g r a t o r .  I t  was observed t h a t  the r e s o l v i n g  t ime o f
^ 1 .  A. D. Lewis and F. H. W e l ls ,  " M i l l im i c r o s e c o n d  Pulse 
Techn iques"  pub l i shed  by McGraw-Hi l l  Book Co., I n c . ,  New York.
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the  c o in c id e n c e  c i r c u i t  depended upon th e  le n g th  o f  50 ohms s h o r te d
c a b le  (as expec ted )  and the  s e t t i n g  o f  t h e  i n t e g r a l  d i s c r i m i n a t o r .  The
c o in c id e n c e  r e s o l v i n g  t im e  can be measured by i n t r o d u c i n g  p o s i t i v e  o r
n e g a t i v e  d e la y  on one s id e  and then p l o t t i n g  a graph o f  d e la y  vs .  o u t p u t
c o u n t i n g  r a t e .  The w i d t h  a t  h a l f  maximum g iv e s  the  r e s o l v i n g  t im e .  The
o u t p u t  o f  the  f a s t  c o in c id e n c e  c i r c u i t  i s  fe d  as the  second in p u t  t o  the
s low  c o in c id e n c e  c i r c u i t  w h ich  had a r e s o l v i n g  t ime o f  abou t  1 jtA sec .
The o u t p u t  o f  th e  s low c o in c id e n c e  c i r c u i t  ga tes  the  20 channe l  a n a l y z e r
wh ich  i s  b e in g  f e d  by the  o u t p u t  o f  the  o t h e r  p r e a m p l i f i e r  'A '  t h ro u g h
a 2 . 5 / ^  sec d e la y  l i n e .
(E) A C o inc idence  Sum S p e c t ro m e te r
A coincidence sum s p e c t r o m e te r  was c o n s t r u c t e d  a f t e r  the  d es ign  o f  
21Hoogenboom. A schem a t ic  d iagram o f  the  c i r c u i t  i s  shown in  F ig .  k .
The 3 inch  x 3 in ch  c r y s t a l s  CR1 and CR2 a re  s h i e ld e d  from each o t h e r  by
2ba compton s h i e l d  o f  th e  t y p e  d e s c r ib e d  by B e l l .  The o u t p u t  pu lses  
f rom the  p r e a m p l i f i e r s  A] and A2 a re  fed  t o  the  l i n e a r  ad d in g  ne t  work ,  
i t  i s  composed o f  r e s i s t a n c e s  R] and R2 , each 1200 ohms, and a h e ! i p o t  
RV] o f  500 ohms. A s p e c i a l  re q u i re m e n t  o f  th e  s p e c t ro m e te r  i s  t h a t  the 
energy  c a l i b r a t i o n  o f  b o th  the  d e t e c t o r s  be th e  same. T h is  was a t t a i n e d  
by a d j u s t i n g  the  h igh  v o l t a g e  o f  one o f  the  p h o t o m u l t i p l i e r  tubes .  The 
h e l i p o t  RV] se rves  as a f i n e  a d ju s t m e n t .  A f t e r  a m p l i f i c a t i o n  the  sum 
pu ls e s  a r e  fed  i n t o  a d i f f e r e n t i a l  d i s c r i m i n a t o r  t o  s e l e c t  th e  sum 
c h a n n e l .  The tw en ty  channe l  a n a l y z e r  i s  gated w i t h  these  sum p u l s e s .  
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F ig .  k . The Exper imenta l  Ar rangement o f  t h e  "C o in c id e n c e  Sum S p e c t r o m e t e r . "
"D. D. sum11 s in c e  i t  i n f l u e n c e s  the  shapes o f  the  i n d i v i d u a l  gamma ray 
peaks
There  are  two m a jo r  advan tages  o f  t h i s  s e t  up ove r  th e  s i n g l e  
c r y s t a l  gamma ra y  s c i n t i l l a t i o n  s p e c t r o m e te r .
(a) The p u l s e  d i s t r i b u t i o n  shows o n l y  one peak,  the ' f u l l  energy  
peak, f o r  s p e c i f i c  gamma t r a n s i t i o n .  There  is  no c o n t r i b u t i o n  t o  the 
spec t rum from p rocesses  in. w h ich  o n l y  p a r t  o f  a v a i l a b l e  gamma ray 
energy i s  absorbed.  -
(b) The d e t e c t i o n  e f f i c i e n c e s  o f  c o i n c i d e n t  gamma rays a r e  equal
(F) Beta Ray S pec t rom ete r
The beta ray  s p e c t ro m e te r ,  used f o r  t h e  measurements o f  i n t e r n a l  
c o n v e rs io n  c o e f f i c i e n t s  and end p o i n t  e n e rg ie s  o f  be ta  g roups ,  is  o f  
double  f o c u s in g  t y p e  f i r s t  d e s c r ib e d  by Siegbahn and S w a r t h o l m . ^
nQ
Th is  s p e c t ro m e te r  was b u i l t  by August  and has been d e s c r ib e d  by him 
in d e t a i l .  However, the source  m oun t ing  a r rangem ent  has been changed 
by P a g e . ^  /\ new c u r r e n t  c o n t r o l  c i r c u i t  has been c o n s t r u c t e d  by
Shinners-^O a f t e r  t h e  des ign o f  G a r w i n . ^  A b r i e f  d i s c u s s i o n  o f  main 
f e a t u r e s  o f  the m agne t ic  s p e c t ro m e te r  w i l l  no t  be o u t  o f  p l a c e  here.
oO
Leon S t a n le y  August ,  Ph.D. D i s s e r t a t i o n  s u b m i t te d  t o  the 
L o u is i a n a  S ta te  U n i v e r s i t y  (1957 ) .
^ M .  L. Page, M.S. T h e s is  t o  be s u b m i t t e d  t o  the L o u is ia n a  
S ta te  U n i v e r s i t y .
■^Car l  W. Sh inn e rs ,  M.S. Thes is  t o  be s u b m i t t e d  t o  t h e  
L o u is i a n a  S ta te  U n i v e r s i t y .
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Fig .  3- B lock Diagram o f  the "F a s t -S lo w "  Coinc idence C i r c u i t .
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The magnet ic  sp e c t ro m e te r  has an ar rangement  f o r . s o u r c e  mount ing 
on one s id e  w i t h  the  d e t e c t o r  d i s p la c e d  from i t  by 255° in  a n g le .  The 
d e t e c t o r  i s  a p l a s t i c  phosphor about 3 mm t h i c k .  This i s  coup led t o  a 
Dumont 6292 p h o t o m u l t i p l i e r  tube by a l u c i t e  l i g h t  p ipe .  The o u tp u t  o f  
the p h o t o m u l t i p l i e r  is  taken t o  a p r e a m p l i f i e r  wh ich  feeds a s c a le r  
th rough  a l i n e a r  a m p l i f i e r .  A t  a p a r t i c u l a r  s e t t i n g  o f  th e  c u r r e n t  
th rough  the  f i e l d  c o i l ,  a p rede te rm ined  number o f  counts a re  taken 
us ing  a r e l a y  dev ice .
The c u r r e n t  c o n t r o l  c i r c u i t  g ives  a c u r r e n t  r e g u l a t i o n  b e t t e r  than 
0 . 001% f o r  long p e r io d s .  The bes t vacuum a t t a i n e d  in s id e  the  magnet ic  
spec t rom e te r  was about  7 m ic rons .  A t  t h i s  p ressu re  very  l i t t l e  
s c a t t e r i n g  o f  e l e c t r o n s  i s  expected t o  take p l a c e .  The b e s t  r e s o l u t i o n  
a t t a i n e d  w i t h  the s pec t rom e te r  was abou t  0.9% f o r  625 Kev conve rs ion  
1 i ne o f  C s ^ 7 .
( i )  C a l i b r a t i o n  o f  the  in s t r u m e n t . The momentum c a l i b r a t i o n  o f  
the in s t ru m e n t  was done by us ing  Cs^37 and the w e l l  known in ten se  l i n e s  
o f  C s ' ^ .  The c onve rs ion  e l e c t r o n  s p e c t r a  o f  th e s e  sources were taken 
and a graph was p l o t t e d  o f  coun t ing  r a t e  vs.  Dekav ider  re a d in g s .  The 
l a t t e r  a re  p r o p o r t i o n a l  t o  the  v o l t a g e  across a s tandard  r e s i s t o r  in  
the magnet c u r r e n t  c i r c u i t .  The B f  v a lu e  f o r  each o f  the  conve rs ion  
l i n e s  is  taken from the t a b l e  given by Gerholm.^^  A p l o t  o f  the B f  
v a lue  a g a in s t  the Dekav ider  read ing i s  made as shown in F ig .  5.  The 
u n c e r t a i n t y  in  the va lue  o f  B f  f o r  each conve rs ion  l i n e  is  less than 0.1%.
32t . r . Gerholm i n Beta and Gamma Ray Spec t roscopy , edi  ted by 
K. Siegbahn, i n t e r s c ie n c e  P u b l i s h e rs ,  I n c . ,  New York  (1955) .
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F ig .  5.  Momentum C a l i b r a t i o n  Curve f o r  Magnet ic  S p e c t ro m e te r .
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A le a s t  square f i t  t h rough  the expe r im e n ta l  p o i n t s  s a t i s f i e s  the 
f o l l o w i n g  r e l a t i o n :
= 7-8131 “  5 -9  gauss-cm
where 1 i s  th e  Dekav ider  read ing  in  a r b i t r a r y  c u r r e n t  u n i t s .
The extreme s t a b i l i t y  o f  the  c u r r e n t  c o n t r o l  c i r c u i t  enabled us to  
repea t  each read ing  t o  b e t t e r  than 0.05%. From source  to  source a 
s l i g h t  v a r i a t i o n  in  the  p o s i t i o n  o f  the peaks was observed.  Th is  can 
be e x p la in e d  on the b a s i s  o f  s l i g h t  v a r i a t i o n  in  the  t h i c k n e s s  o f  the 
d i f f e r e n t  sources and t h e i r  s e t t i n g .
(2) The C s ^ 7  j e s t  Spectrum. In o r d e r  t o  check the per formance o f  
the spec t rom e te r  and t o  f i n d  the c u t  o f f  p o i n t  o f  th e  s c i n t i l l a t i o n  
d e t e c t o r ,  a Ferm i-Kur i  p l o t  o f  the  con t inuous  spectrum o f  C s ^ 7  was made 
and is  as shown in  F ig .  6. The upper cu rve  r e s u l t e d  f rom the  assumpt ion 
t h a t  both  1.17 Mev and 0.51 Mev beta  s pec t ra  have a l low ed  shapes, i t  is  
obvious t h a t  lower energy  beta  group is  no t  a l lo w e d .  The energy  o f  
be ta  t r a n s i t i o n  was found t o  be 511 ± 10 Kev, wh ich is  in good agreement 
w i t h  p re v io u s  r e s u l t s .  I t  i s  known t h a t  Fermi p l o t  o f  t h i s  lower 
energy beta  group can be made l i n e a r  by us ing  the  un ique f i r s t  fo rb id d e n  
shape f a c t o r  S n ( W ) . ^
Sn(W) *  £ w 2 -  1 + (WQ -  W)2 1 
where W i s  the  t o t a l  energy in m0c u n i t s  and WD is  the end p o i n t  energy 
in  the same u n i t s .  T h is  shape f a c t o r  is  a p p l i c a b le  i f  A  J = £ 2 and 
th e re  is  a change in  p a r i t y .  The lower curve is  th e  r e s u l t  o f  a p p ly i n g
^ L . M. Langer and R. J.  D. M o f f a t ,  Phys. Rev. 82, 635 (1951).
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F ig .  6.  F e rm i -K u r ie  P l o t  f o r  Cs137. Upper Curve is  a Normal Fermi P lo t  
Whereas the  Lower is  Obtained A f t e r  Shape Fac to r  C o r r e c t io n .
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t h i s  f a c t o r  to  the uppe r  curve.  However, b e fo re  a p p l y i n g  t h i s  f a c t o r  
the  h ig h e r  energy be ta  group was s u b t r a c te d  from the  t o t a l  spectrum 
wh ich r e s u l t e d  in a s t r a i g h t  l i n e  up to  135 Kev. The bending in  the 
s t r a i g h t  l i n e  below t h i s  energy i s  due t o  drop in  e f f i c i e n c y  o f  the 
p l a s t i c  phosphor.
CHAPTER I 1 I 
MEASUREMENTS AND ANALYSIS
The Cs^^+ samples used in  t h i s  s tu d y  were made a t  Oak Ridge by
1 33neu tron  i r r a d i a t i o n  o f  Cs and were s u p p l i e d  t o  us in  d i l u t e  HC1 
s o l u t i o n .  The sources used f o r  the  gamma ray spectrum a n a l y s i s  were 
p repared  by e v a p o r a t i n g  a drop o f  a c t i v e  s o l u t i o n  on aluminum f o i l  o r  
on t h i n  p l a s t i c  b a c k in g .  The sources used f o r  t h e  measurement o f  be ta  
ray  s p e c t r a  were mounted on t h i n  back ing  o f  c o l l o d i o n  f i l m  (5- 10/< gms/sq.cm 
t h i c k n e s s ) .  An a c i d  f r e e  s o l u t i o n  o f  C s w a s  p repared  and a drop o f
i t  was evapora ted  on the c o l l o d i o n  ba c k in g .  Sources o f  v a r y in g
d imensions and s t r e n g t h  were p repa red  and used In  the d i f f e r e n t  se ts  
o f  i n v e s t i g a t i o n s .
Gamma Ray S in g le s  Spectra
A 3 inch  x  3 inch  N a l ( T l )  c r y s t a l  mounted on a Dumont 6363 
p h o t o m u l t i p l i e r  tube  was ueed f o r  t a k i n g  the s i n g l e  spectrum da ta .
Sources were c e n te re d  40 cms above the  top s u r fa c e  o f  the  c r y s t a l .  To
e l i m i n a t e  beta  ray  background i t  was necessary t o  p lac e  a 0 .8  gm/cm 
p o l y s t y r e n e  a bso rb e r  between the  sample and the c r y s t a l .  The p u l s e  
spect rum o b ta in e d  w i t h  the tw en ty  channel  a n a ly z e r  i s  shown In F i g .  7.
The spect rum was ana lyzed  by the  usua l  p e e l i n g  p roced u re .  The f u l l  
energy peaks were drawn by assuming a gauss ian shape w i t h  p rope r  


















4000 200 600 800 1000
PULSE HEIGHT
134
F ig .  7. Gamma Ray Spectrum f o r  the  Decay o f  Cs (Source D is tance  
4GCms.)
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Compton d i s t r i b u t i o n  and the  p a i r  peaks were ob ta in e d  from the  p u ls e  
h e i g h t  d i s t r i b u t i o n s  o f  s tandard  m o n o -e n e rg e t i c  gamma ray  sources run 
under  s i m i l a r  e x p e r im e n ta l  c o n d i t i o n s .  The s tanda rd  sources used f o r  
t h i s  purpose were Cs '^7  and Z n ^ .  The 661 .6  Kev gamma ray  o f  C s ^ 7  
was used to  c o n s t r u c t  t h e  Compton d i s t r i b u t i o n s  f o r  569, 605, and 800 
Kev gamma rays  and 1114 Kev gamma ray  o f  Z n ^  was used t o  c o n s t r u c t  
Compton d i s t r i b u t i o n s  and p a i r  peaks f o r  1038, 1168, and 1367 Kev 
gamma rays o f  Cs^3\  The peak a t  abou t  605 Kev was found t o  be b roade r  
than  t h a t  o f  a monochromat ic  gamma ray o f  the  same energy  and c o u ld  be 
a n a ly z e d  i n t o  two peaks c o r re spond ing  t o  e n e rg ie s  o f  569, and 605 Kev. 
A t tem p ts  t o  a n a ly z e  t h e  gamma ray  s p e c t r a  below about  300 Kev were made 
d i f f i c u l t  due t o  the  presence o f  b a c k - s c a t t e r e d  gamma rays .  However, 
a gamma ray a t  abou t  200 Kev was i n d i c a t e d  i n  the magnet ic  s p e c t ro m e te r  
d a ta .
Be fo re  c a l c u l a t i n g  the r e l a t i v e  gamma ray  i n t e n s i t i e s  f rom the
s i n g le s  s p e c t r a ,  I t  was necessary t o  make c e r t a i n  assumpt ions about  the
decay scheme as i t  i s  q u i t e  p o s s i b l e  t o  have summing due t o  v a r i o u s
c om b ina t ions  o f  cascad ing  gamma rays ( the  decay scheme assumed was based
p r i m a r i l y  on t h e  r e s u l t s  o f  the c o i n c id e n c e  e x p e r im e n ts ) .  From the
34c a l c u l a t i o n s  d e s c r ib e d  by Lazar and Klema, the  loss in  the  gamma ray 
i n t e n s i t i e s  f rom c o i n c i d e n t  summing was found t o  be n e g l i g i b l e .  
T h e re fo r e ,  we c o u ld  f i n d  the em iss ion  r a t e  o f  each gamma ray u s ing  the 
r e l a t i  o n :
3S i .  H. Lazar,  E. D. Klema, Phys. Rev. £8 ,  710 (1955).
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where Nq i s  the  number o f  gamma rays  e m i t te d  pe r  second by the source ,
Np th e  a rea  under the  pho to  peak in  counts  pe r  second, £̂ . i s  the  t o t a l  
d e t e c t i o n  e f f i c i e n c y  f o r  the source  d e t e c t o r  geometry  used, Pt  the  
a p p r o p r i a t e  v a lu e  f o r  the  p e a k - t o - t o t a 1 r a t i o  and A t h e  c o r r e c t i o n  
f a c t o r  f o r  a b s o r p t i o n  in  the source and any beta  abs o rb e r  used in  the 
measurement.  The v a lu e  f o r  was taken e i t h e r  f rom B e l l ' s  c u r v e s - ^
o r  f rom the  t h e o r e t i c a l l y  c a l c u l a t e d  va lues  g iven  by Vegors,  Marsden,
*3 £
and Heath.  To check th e  p e a k - t o - t o t a 1 r a t i o  f o r  o u r  c r y s t a l ,  a 
spect rum o f  C s ^ ^  was taken  as shown in  F ig .  8 .  The p e a k - t o - t o t a  1 r a t i o  
c a l c u l a t e d  from the  cu rve  was found t o  be 0 .5 4 ,  wh ich  was w i t h i n  1% o f  
the  v a lu e  found by Heath.  T h e re fo re ,  we used f o r  a l l  the gamma rays 
the  v a lu e s  g iven  by Heath f o r  p e a k - t o - t o t a l  r a t i o .  'A '  was u n i t y  i n  our 
case s in c e  th e r e  was a lm os t  no lo ss  o f  ene rgy .
The b e s t  va lues  f o r  the e n e rg ie s  and the  i n t e n s i t i e s  o f  v a r i o u s  
gamma rays ,  as found in  t h i s  work,  have been shown in  Tab le  I .  A ls o  
the  va lues  found by o t h e r  a u th o r s ,  a re  t a b u l a t e d .  Only those w o rk e rs ,  who 
have made i n t e n s i t y  measurements f o r  the v a r io u s  gamma rays,  have been 
quo ted .  No i n d i c a t i o n  was found in  t h i s  work f o r  th e  960 and 1570 Kev 
gamma rays rep o r te d  by G i r g i s  e t . a 1. ^
R. B e l l ,  S c i n t i l l a t i o n  Spectrometer  Handbook.
3^S. H. Vegors,  J r . ,  L. L. Marsden, and R. L. Heath,  AEG Repor t  
I DO-16370.
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F ig .  8 .  Gamma Ray Spectrum f o r  the  Decay o f  C s ^ 7 .  Do t ted  Curve Shows 
the  Data A f t e r  Back S c a t t e r  C o r r e c t i o n .
Table I
Summary o f  the Experimental Data fo r  the Re la t ive  In te n s i t y  o f  the Various Gamma Rays o f  Cs'3A
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38a , a . Bash i lov ,  N. M. Anton'eva, M. V. B l inov,  and Dzhelepov, Izavest .  Akad. Nauk. S.S.S.R. Ser. Fix.  _[8, A3 (195A).
89 j .  Verhaeghe and J. Demuynck, Compt. Rend. 239, 137A (195A).
^ H .  H. Foster and J. S. Wiggins, Nuovo Cimento, 2, 85A (1955); Phys. Rev. j39, 660A (1955).
^ K .  E. Johnson, A rk iv  Fyslk_l_0, 2A7 (1956).
*E -  Energy; * * I  = i n te n s i t y .
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The spectrum o f  Cs^**  was a l s o  taken by p l a c in g  the source a t
d i f f e r e n t  d i s ta n c e s  from the  c r y s t a l .  F ig .  9 shows the  spectrum f o r
the  energy re g io n  o f  about  300 t o  2000 Kev. The s o l i d  l i n e  r e p re s e n ts
the spectrum w i t h  the source a t  3 -6  cms from the  c r y s t a l  and t h e  do t ted
l i n e  rep resen ts  the spectrum w i t h  the source a t  30 cms from th e  c r y s t a l .
Sum peaks a t  1168, 1401, 1640, and 1970 Kev can be e a s i l y  seen,
k l  15c o n f i r m in g  most o f  the r e s u l t s  ob ta ined  by Lu e_t.aj_. and - G i r g i s . .
The shape o f  the spectrum around 1770 Kev in d i c a te s  a sum peak a t  
1770 Kev. An a n a l y s i s  o f  the h igh  energy re g io n  o f  the  spectrum is  
shown in  F ig .  10. Th is  was done by us ing Na22 and Co^® sum peaks as 
re fe re n c e  s tanda rds .  Th is  a n a l y s i s  y ie ld e d  t h re e  sum peaks a t  16^0, 
1770, and 1970 Kev as shown in the f i g u r e .
The magn itude o f  the sum peaks can be e a s i l y  ob ta ined  by u s i n g  
the f o l l o w i n g  method. Suppose a sum peak in v o lv e s  a cascade o f  two 
gamma rays.  The i n t e n s i t y  o f  the sum peak is  then g iven  by:
Nsum = N £ l  (1)
where N is  the  i n t e n s i t y  o f  the cascade, t  ] and £ 2 a re  the pho to -peak  
e f f i c i e n c i e s  f o r  the two gamma rays ^ !  and l f 2 in v o lv e d  in  the cascade 
r e s u l t i n g  in  the  sum peak ^  is  the f r a c t i o n a l  s o l i d  an g le
subtended a t  the  source p o s i t i o n  by the c r y s t a l  ( d i r e c t i o n a l  c o r r e l a t i o n  
e f f e c t s  assumed n e g l i g i b l e ) .
I f  the summing in v o lv e s  th re e  cascading gamma rays ^ | ^ 2  anc^
% t) , r e s p e c t i v e l y  the s p e c t ra  w i l l  c o n s i s t  o f  the gamma rays *  ]
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F ig .  10. High Energy P a r t  o f  the Gamma Ray Spectrum o f  F ig .  9 a f t e r  
C a re fu l  A n a l y s i s  (Source D is tance  3 - 6  Cms.)
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f  ^ and the sum peaks ^ 2 ’ ^ 2 3 ’ 13‘ There w i l l  a l s o  be a sum peak
a t  an energy c o r respond ing  t o  the sum o f  a l l  t h re e  gamma rays .  Let  us 
denote i t  by ^ 3 - The I n t e n s i t y  o f  the v a r io u s  sum peaks i s  g iven  by:
Nij IPj N i i £j " 2 <2)
and
N]23 = N £ 1 f 2 £ 3 ^ 3 (3)
Table I I
P o s s ib le  Combinat ions G iv ing  High Energy Sum Peaks
Sum Peaks P o ss ib le  Combinat ions f o r  Sum Peaks
(Kev) (Kev)
1643 ( 1038, 605) ,  (1168,475),  (475,563,605)
1770 (1168,605)
1970 (1168 ,800) ,  (1367,605),  (605 ,563 ,802 ) ,
(569,605,797)
No ev idence  was found f o r  the 1640 (-«L0.05), 1770 ( ^ 0 . 0 5 ) ,  and 1970 
( <  0 .04 )  Kev c ro s s -o v e r  t r a n s i t i o n s  repo r te d  by French and G o o d r i c h . ^
From the  c a l c u l a t i o n s  o f  the i n t e n s i t i e s  o f  the sum peaks ob ta in e d  in the
p u lse  spectrum taken w i t h  the sources a t  smal l  d is ta n c e s  from the c r y s t a l ,
i t  i s  b e l i e v e d  these rep o r te d  peaks were e n t i r e l y  due t o  summing.
Co inc idence Spectrum A n a ly s i s
(a) Gamma-Gamma Coinc idences
22Gamma-gamma conc idence measurements were made by French us ing  a
" f a s t - s l o w "  c o inc id enc e  c i r c u i t  hav ing  a r e s o l v i n g  t ime " T "  o f  200 Nano
second (1 Nano second = 10- 9 s e c ) .  The source was viewed by two
3 inch  x  3 inch  N a l ( T l )  c r y s t a l s  w i t h  t h e i r  axes a t  90° t o  each o t h e r .
24A Compton s h i e l d  s i m i l a r  t o  t h a t  desc r ibed  by B e l l  was used f o r
35
s h i e l d i n g  one c r y s t a l  f rom the  o t h e r .  For i n d i v i d u a l  runs the s i n g l e  
channel  a n a ly z e r  window was s e t  on the  p r i n c i p a l  gamma ray:„peaks, and 
the  gamma ray co in c id e n c e  s p e c t ra  was recorded In the twen ty  channel 
a n a ly z e r .  Subsequent to  F rench 's  a n a l y s i s  o f  h i s  gamma-gamma c o inc idence  
da ta ,  i t  has become c le a r  t h a t  h is  da ta  is  s u f f i c i e n t l y  r e l i a b l e  t o  
j u s t i f y  more e l a b o r a t e  and complete a n a l y s i s .  A complete r e - a n a l y s i s  
o f  the data was under taken us ing  c a r e f u l l y  the complete expe r im en ta l  
pu ls e  spect ra  f o r  the monochromat ic gamma rays.  Summing e f f e c t s  were 
c a r e f u l l y  s c r u t i n i z e d .
Fig .  11 shows the gamma ray s p e c t ra  taken in  co in c id e n c e  w i th  
605 Kev energy gamma ray.  The f u l l  ene rgy  peaks were ana lyzed in  th e  
same manner as in  the s i n g l e ' s  s p e c t ra .  Care was taken t o  c o n s t r u c t  
p rope r  Compton d i s t r i b u t i o n s  and p a i r  peaks f o r  th e  v a r io u s  gamma ra y s .  
The pee l in g  was s t a r t e d  from the h igh  energy end and was s u c c e s s i v e l y  
pursued towards the  lower energy s id e .  However, F ig .  11 shows o n l y  the  
f u l l  energy peaks. The peaks a t  800, 1038, and 1367 Kev were c l e a r l y  
re s o lv e d .  The peaks a t  475 and 1168 Kev were o b ta in e d  o n l y  a f t e r  p ro p e r  
s u b t r a c t i o n s  were c a r r i e d  o u t .  A broad peak was reso lved  around 
605 Kev energy.  As in the s in g le s  s p e c t r a ,  i t  was a t t r i b u t e d  to  the  
gamma rays a t  563-569 and 605 Kev. A p a r t  o f  the  peak a t  605 Kev In  
the co inc idence  spectrum has been caused by the c o n t r i b u t i o n  o f  the 
563-569 Kev gamma rays f a l l i n g  in the window o f  the s i n g l e  channel 
a n a ly z e r  s e t t i n g .  The r e s t  o f  t h i s  peak is  due t o  Compton o f  the 
800 Kev gamma ray  in  the s i n g l e  channel  ana ly z e r  window, wh ich i s  in  






















F ig .  11. Gamma Ray Spectra  in Co inc idence w i t h  605 Kev Gamma Ray.
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605-605 Kev gamma ray c o in c id e n c e s  and the  number o f  t r a n s i t i o n s  f rom 
the 1773 Kev le v e l  t o  1168 Kev l e v e l  in  the  f i n a l l y  proposed decay 
scheme must be q u i t e  s m a l l .
To de te rm ine  the  I n t e n s i t i e s  o f  the  v a r i o u s  gamma rays f rom the 
c o in c id e n c e  da ta ,  the  f o l l o w i n g  genera l  e q u a t i o n  was used:
Ne ( e ' )  -  Nw £ p (EI ) ^ ( E ' ) e ‘ ud + V i Bi }  W<0 )  ^
where N^(E ‘ ) i s  the  peak area o f  the  gamma ray E observed in  c o in c id e n c e  
w i t h  the  gamma ray E1, £ (E 1) and ^ ( E 1) a re  the  pho to -peak  e f f i c i e n c y
and the  s o l i d  ang le  f o r  th e  d e t e c t i o n  o f  the  gamma ray El , e_ud i s  the 
f r a c t i o n  o f  the  gamma ray E1 t r a n s m i t t e d  th rough  the  be ta  a bso rb e r  and 
Nw is  the  observed c o u n t in g  r a te  in  the window o f  the s i n g l e  channel 
a n a l y z e r .  The f a c t o r  f ^ ( E 1) is  the  f r a c t i o n  o f  th e  gamma rays o f  
energy E wh ich  a re  in  c o in c id e n c e  w i t h  the  gamma ray o f  energy  E1, A is  
the f r a c t i o n  o f  the observed ra te  i n  the  window due t o  the  gamma ray E 
w i t h  wh ich co in c id e n c e s  a re  be ing  measured and may be o b ta in e d  from the 
s in g le s  s p e c t r a .  The term ^ f . B j  c o r r e c t s  f o r  Compton pu lses  in  the 
window from h ig h e r  energy  gamma rays wh ich  a re  a l s o  in  c o in c id e n c e  w i t h  
E. Bj i s  t h e  f r a c t i o n  o f  counts  i n  the  window due t o  the  h i g h e r  energy 
gamma ray  Comptons and f j  Is  the f r a c t i o n  o f  these gamma rays wh ich a re  
in  c o in c id e n c e  w i t h  the  gamma ray o f  energy  E 1, as de te rm ined  from the 
decay scheme. V / ( © ) i s  the  a n g u la r  c o r r e l a t i o n  f u n c t i o n  o f  the two gamma 
rays i n t e g r a t e d  over  the  fa c e  o f  the  c r y s t a l .  Th is  was assumed t o  be 
u n i t y  in  our  c a l c u l a t i o n s .
C o r r e c t io n s  have been a p p l i e d  t o  the c o in c id e n c e  peaks observed a t  
e ne rg ies  o f  1038, 1168, and 1367 Kev due t o  p o s s i b l e  summing com b ina t ions
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wh ich  may r e s u l t  i n  these  e n e r g ie s .  Formula (4)  was s u i t a b l y  m o d i f i e d  
and was used t o  make a l l  t h e  c o r r e c t i o n s  m en t ioned .
The gamma ray  spec t rum  c o i n c i d e n t  w i t h  800 Kev gamma ray  i s  shown 
in  F ig .  12. A c a r e f u l  s u b t r a c t i o n  i n d i c a t e s  a broad peak i n  the 
ne ighborhood  o f  605 Kev e n e rg y ,  wh ich  can be re s o lv e d  i n t o  two gamma 
rays o f  e n e rg ie s  569 and 605 Kev. The peak observed  a t  1168 Kev has a 
f i n i t e  b u t  sm a l l  c o n t r i b u t i o n  due t o  t h e  summing in  the  c r y s t a l  on the  
tw en ty  channel  a n a l y z e r  s i d e .  The peak a t  800 Kev c ou ld  be e x p la i n e d  by 
the random c o in c id e n c e s  between 802-797 Kev gamma rays and the  c o n t r i b u ­
t i o n  o f  th e  1168 Kev gamma ra y  Comptons wh ich  a r e  in c o in c id e n c e  w i t h  
800 Kev gamma ra y .
C o inc idence  s p e c t ra  was a l s o  taken  w i t h  1038, 1168, and 1367 Kev 
gamma rays and a r e  shown i n  F ig s .  13, 14, and 15, r e s p e c t i v e l y .  In 
these  s p e c t r a ,  th e  coun ts  i n  the window had t o  be c o r r e c t e d  f o r  the  
c o n t r i b u t i o n  o f  sum p u l s e s .  Equat ion  (2) d is c u s s e d  e a r l i e r  was used 
f o r  t h i  s pu rpose .
The peak a t  605 Kev in  F ig .  13 is  the  o n ly  genuine c o in c id e n c e  
peak. Peaks a p p e a r in g  a t  475 and 800 Kev have been found  t o  a r i s e  due 
to  th e  f i n i t e  c o n t r i b u t i o n  o f  1168 Kev gamma ra y  and (563, 605) Kev 
gamma ray  sum peak in  th e  window o f  th e  s in g le  channel a n a ly z e r  s e t  f o r  
1038 Kev peak.
F ig .  14 shows c o in c id e n c e  peaks a t  800, 605, and 475 Kev. A 
c o n s i d e r a b l e  c o n t r i b u t i o n  t o  the 1168 Kev gamma ray  was found t o  a r i s e  
due t o  summing o f  569 and 605 Kev gamma rays .  A l s o  the  Compton 
d i s t r i b u t i o n  o f  1367 Kev l i e s  und ernea th  the  1168 Kev peak.  A l l  these  
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peak a t  5&9 Kev has been found t o  a r i s e  m e re ly  due t o  the c o in c id e n c e s  
between Comptons o f  the  sum pu lses  (605, 797),  (605, 802) (which l i e  
under  1168 Kev peak) w i t h  569 o r  5&3 Kev gamma rays ,  r e s p e c t i v e l y .
in  F ig .  15 the  peak a t  800 Kev can be f u l l y  e x p la in e d  by a number 
o f  p o s s i b l e  random c o in c id e n c e s .  Thus, o n l y  the 605 Kev gamma ray is  
i n  c o in c id e n c e  w i t h  1367 Kev gamma ray .
The r e l a t i v e  i n t e n s i t i e s  o f  the  t r a n s i t i o n s  f rom the c o i n c id e n c e  
data  has been e s t im a te d  from a knowledge o f  the coun ts  in  the  pho to  
peak, the d e t e c t i o n  e f f i c i e n c y  and peak t o  t o t a l  r a t i o .  N e g l i g i b l e  loss 
In  i n t e n s i t y  was found due t o  any conversions o f  the  gamma ra y s .  These 
r e s u l t s  have been summarized In  Tab le  111. The t a b l e  a l s o  g i v e s  the 
r e l a t i v e  i n t e n s i t i e s  f o r  the  v a r i o u s  gamma rays as o b ta in e d  i n  the 
c o in c id e n c e  as w e l l  as the s i n g l e s  da ta .  I t  can be noted t h a t  a good 
agreement e x i s t s  f o r  the  i n t e n s i t y  v a lu e s .
(b) Beta-Gamma Co incidences
The beta-gamma c o in c id e n c e  s tu d y  was done by F r e n c h ^  t o  ge t  
d i r e c t  i n f o r m a t i o n  abou t  the p l a c i n g  o f  the  v a r io u s  be ta  groups in  the 
decay scheme. He observed 655 Kev beta  group t o  be in  c o in c id e n c e  w i t h  
605 Kev and 800 Kev gamma rays as shown in  F igs .  16 and 17. I t  was no t  
p o s s i b l e  t o  d e t e c t  any h igh  energy  or  low energy  be ta  groups because o f  
the  f o l l o w i n g  reasons:
(a) Low i n t e n s i t y  o f  these beta  groups,
(b) A poor  r e s o l u t i o n  o f  the  s e t  up as compared t o  the  magne t ic  
s p e c t r o m e te r .
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Tab le  11 I 
Summary o f  the  C o inc idence  Data
Gamma Ray I n t e n s i t i e s  R e l a t i v e  t o  Gamma Rays Appeared In
Energy 605 Kev as 100 U n i t s  C o inc idence
(.Rev;
From S in g le s  
Data
Best Va lue  












475±5 1- 5 ± 0 .3 1-27+0.3 yes no no yes no
569+3 22+3 19±3 yes yes no no no
605*3 100 96*10 no yes yes yes yes
800*4 98+3 90*9 yes no no yes no
1038+6 1 .2 * 0 .3 1. 02* 0 . 15 yes no no no no
1168*4 2 . 7 * 0 . 3 2 .9 + 0 .4 yes yes no no no
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Fig .  17* Beta Ray Spectra  in  Co inc idence w i t h  800 Kev Gamma Ray.
Measurements w i t h  the  Magnet ic  Spectrometer
The magnet ic  spec t rom e te r  has been d iscussed in  Chapter I I .  I t  
was used t o  s tudy the  i n t e r n a l  conve rs ion  l i n e s  and the  con t inuous  beta  
ray  s p e c t r a .
F e rm i -K u r ie  p l o t s  o f  the v a r io u s  be ta  ray s p e c t ra  observed are 
shown in.  F ig .  13 and 19. A F o r t r a n s i t  program was w r i t t e n  f o r  an 
IBM-65O computer wh ich  ana lyzed the  raw data  f rom the  magnet ic  
s pec t rom e te r  i n t o  a Fermi p l o t .  This procedure  enabled an a ccu ra te  
and c o n s i s t e n t  a n a l y s i s  o f  the r e l a t i v e  i n t e n s i t i e s  and the end p o in t  
energy w i t h o u t  persona l  p r e j u d i c e .  A n a ly s i s  in  the low energy reg ion  
w i t h  t h i s  program showed a marked d i f f e r e n c e  from th e  bes t  t h a t  cou ld  
be done m anua l ly .
F ig .  18 shows a t y p i c a l  F e rm i -K u r ie  p l o t  f o r  the  h ig h e r  reg ion  o f  
the  beta  s p e c t ra .  Three beta groups w i t h  end p o i n t  ene rg ies  o f  655> 
892, and 1453 Kev were found. A ve ry  c a r e f u l  s tudy  was made o f  the 
reg ion  around 600 t o  700 Kev b u t  no i n d i c a t i o n  was ob ta ined  f o r  a beta  
group o f  680 Kev energy repo r ted  by e a r l i e r  workers .
F ig .  19 shows a t y p i c a l  Fermi p l o t  o f  b e t a - d i s t r I b u t i o n  up to  
about  600 Kev. Th is  cu rve  is  found to  have two d i s t i n c t  s lopes  having 
end p o i n t  ene rg ies  o f  655 and 410 Kev. No i n d i c a t i o n  was found f o r  a
_ Ll? LlL
280 Kev be ta  group: as repo r ted  by e a r l i e r  groups. J} D e tec t io n  o f  a 
be ta  ray group w i t h  end p o in t  energy o f  86 Kev was not  p o s s ib le  because 
o f  low d e t e c t o r  e f f i c i e n c y  in  t h i s  reg ion .
^ K .  Gromov, B. Dzhelepov, Doklady Akad. Nauk. SSSR 85 , 299. 









Fig .  18. Fe rm i-Ku r ie  P lo t  o f  Cs ^ (High Energy Region) .  The Data on 
A n a lys is  Shows Three Beta Groups o f  End P o in t  Energ ies 14-53, 
892 and 655 Kev.
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134F ig .  19- F e rm i -K u r ie  P l o t  o f  Cs (Low Energy) .  T h is  Curve Shows Two 
Slopes Which on A n a ly s i s  Give a Beta Group o f  410 Kev as i t s  
End P o in t  Energy.
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The energy  and th e  i n t e n s i t i e s  o f  the  v a r io u s  beta  ray  groups have 
been g iv en  in  Tab le  IV.  A ls o  the  r e s u l t s  o f  some o f  the  e a r l i e r  workers  
a re  p resen ted  f o r  com par ison .  An assumpt ion  was made re g a rd in g  the 
i n t e n s i t y  o f  86 Kev beta  ray  group t o  f i t  the  c o i n c id e n c e  and sum da ta .
The magne t ic  s p e c t ro m e te r  was a l s o  used f o r  th e  i n t e r n a l  conve rs ion
s p e c t ra  o f  th e  gamma rays f rom the  decay o f  C s ^ ^ .  F ig s .  20 and 21
show the  c o n v e rs io n  s p e c t r a  f o r  the  low and h ig h  energy reg io ns ,  
r e s p e c t i v e l y .  The v a lu e  o f  the  I n t e r n a l  c o n v e rs io n  c o e f f i c i e n t s  were 
c a l c u l a t e d  and have been g iven  in  Tab le  V. The va lues  were o b ta in e d  by 
u s ing  "compar ison m e th o d . "  S i m i l a r  sources o f  C s ^ ^  and Cs^37 were used 
and c o n v e rs io n  l i n e s  f o r  each were o b ta in e d  u s ing  the  magnet ic  s p e c t r o ­
m e te r .  F ig .  22 g i v e s  th e  i n t e r n a l  c o n v e rs io n  s p e c t ra  ob ta ined  f o r  
C s ^ ^ .  The sources (No. 1) used f o r  o b t a i n i n g  these conv e rs io n  l i n e s  
were v e ry  s t r o n g  and c ou ld  no t  be used f o r  o b t a i n i n g  gamma ray s c i n t i l ­
l a t i o n  s p e c t r a .  T h e re fo r e ,  two r e l a t i v e l y  weak bu t  s i m i l a r  sources 
(No .2) o f  C s ^ ^ - and C s ^ ^  were p repa red  and p a r t s  o f  the c onve rs ion  
s p e c t ra  were taken f o r  o n l y  the  in te n s e  gamma rays as shown in  F ig s .  23 
and 2b. These sources were s t i l l  s t ro n g ,  and we cou ld  no t  o b t a i n  the 
gamma ray s p e c t ra  w i t h  the sources any c l o s e r  than 98 Cm from the 3 inch 
x  3 inch  N a l ( T l )  c r y s t a l .  Ano the r  p a i r  o f  weak sources  (No. 3) o f  C s ^ ^
and were p repa red  (about 6 / 4  c ) , and t h e i r  comple te  gamma rays
s p e c t ra  were recorded .  These s p e c t ra  f o r  sources  (2) and (3) a re  shown 
in  F igs .  7, 8, 25, and 26. The s p e c t ra  shown in  F ig .  7 has been c o m p le te ly  
ana lyzed  f o r  the r e l a t i v e  i n t e n s i t y  o f  th e  v a r io u s  gamma rays as d iscussed  
e a r l i e r .  The a b s o lu t e  va lues  o f  the  i n t e n s i t i e s  o f  the  v a r io u s  gamma
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Table IV
Energy and I n t e n s i t y  o f  the Var ious Beta Groups.
Ba sh i lov  
e t . a l . ^ 8
Foste 
e t . a i .%0
Kei 5te r .  
e t  .a_l_.
i.\ ii
Peacock Present 
I n v e s t i  g a t i  on
r - ' -  T 'iWr* 
%




E* | VwV 
%
E* iI f X  iX
%
88+4 25 80+3 28 83±3 32+6 86 20 86 26
(assumed)
210+10 3 210 None 210 None
282 2.8 280 2^.0. 2
409+44 5 410 None 410+5 2.1
654+6 75+5 650+5 56 655+2 50 652 75.5 655+3 71 + 1
685+10 8 683+4 13+6 680 None 680 None
886 1.5 892+5 0 .7
1450 0.2 1453+10 0.13
*E  = Energy.
* * l  ~ i n t e n s i t y .
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rays f o r  sources  No. 1 were o b ta in e d  by u s in g  the norma 1i z a t i o n  f a c t o r s
o b ta in e d  f rom the compar ison o f  t h e \ a r i o u s  sources.
Knowing the area under t h e  c o n v e rs io n  peaks f rom the magne t ic
s p e c t ro m e te r  data and the a b s o lu t e  i n t e n s i t i e s  o f  t h e  co r re s p o n d in g
unconver ted  gamma rays f rom th e  s c i n t i l l a t i o n  s pec t rom e te r  da ta ,  the
v a lu e  o f  th e  K -conve rs ion  c o e f f i c i e n t  f o r  the 60c Kev gamma rays o f  
13^Cs J was o b ta in e d  u s ing  the f o l l o w i n g  r e l a t i o n :
K605 = <  K662 Y ' y 05 Nj * | . 662
6 6 2  N ( I f  )g Q £ j
where 2 >s th e  c o n v e rs io n  c o e f f i c i e n t  o f  662 Kev gamma ray  o f  C s ^ 7 }
N ) 605 anc* N (e ^ )662 a re  t îe no rm a l ized  areas under  the c o n v e rs io n  peaks 
o f  605 and 662 Kev gamma rays ,  N ( Y ) ^ q 5 an ^ a re  t îe unconver ted
gamma ray  i n t e n s i t i e s  f o r  605 and 662 Kev gamma rays ,  r e s p e c t i v e l y .
Using k.662 "  0-096 as measured by A z u m a , ^  the K -c p n v e rs io n  c o e f f i c i e n t  
o f  605 Kev gamma ray  was e s t im a te d .  A v a l u e  o f  (5 -6  + 0 .5 ) 1 0 " ^  was 
o b ta in e d  f o r  the K -c o n v e rs io n  c o e f f i c i e n t  o f  605 Kev gamma ra y .  A 
t h e o r e t i c a l  e s t im a te  t a k in g  t h i s  t r a n s i t i o n  to  be pu re  E2 was found t o  
be 5-15 x  10"3 u s in g  Rose's t a b l e s . ^  The a n g u la r  c o r r e l a t i o n  work done 
by v a r io u s  w o r k e r s ^  ’ 3 ^  p o i n t s  to  a 2+ ass ignment  f o r  th e  605 Kev
^ T .  A. Azuma, J. Phys. Soc. Japan 9, 1 (195^) -  
H6M. E. Rose in  " I n t e r n a l  Convers ion C o e f f i c i e n t s , "  p u b l i s h e d  by 
I n t e r s c i e n c e  P u b l i s h e r s ,  I n c . ,  New York .
^ A .  E. E v e r e t t  and M. J.  Glaubman, Phys. Rev. 100, 955A (1955)*
^ 8 E. D. Klema, Phys. Rev. J00, 66 (1955).
M. G. S te w a r t ,  R. P. Scharenberg and M. L. Wiedenbeck, Phys.
Rev. 29 ,  691 (1955)•
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l e v e l .  The 2+ ass ignment  is  f u r t h e r  suppor ted  by the ' l o g  f t 1 v a lue  o f  
1453 Kev beta  group lead ing  t o  t h i s  le v e l  as w i l l  be d iscussed  in the 
next  c h a p te r .  I t  thus seems f a i r  t o  assume t h a t  the 605 Kev t r a n s i t i o n  
i s  pure E2. Using Rose's t a b le s  the t h e o r e t i c a l l y  expected va lue  f o r  
K/L + M r a t i o  f o r  605 Kev was c a l c u l a t e d .  The expe r im en ta l  va lues  o f  
o< ^ and K/L + M f o r  a l l  o t h e r  gamma rays were norm a l ized  t a k in g  the  
t h e o r e t i c a l  va lues  o f  K -convers ion  c o e f f i c i e n t s  and K/L + M o f  605 Kev 
as s tan d a rd .  Tab le V shows these va lues  a long w i t h  the t h e o r e t i c a l  ones. 
A ls o  the  p o s s i b l e  ass ignments o f  the m u l t i p o l a r i t i e s  t o  the v a r io u s  
gamma rays are  shown.
A s l i g h t  bump in  the con t inuous  beta  ray spec t ra  was re p e a te d ly  
observed in  the ne ighborhood o f  the 200 Kev gamma ray re g io n ,  and t h i s  
bump was found t o  have an i n t e n s i t y  o f  1 ± 0 . 5 .  I t  w i 11 be d iscussed  
l a t e r  on in  Chapter IV.
Co inc idence Sum Spectrometer  Measurements
In o rd e r  to  ge t  c l e a r  ev idence about  the h ig h e r  energy l e v e l s  o f  
B a ' 3 \  co in c id e n c e  sum spec t rome te r  was used. I t  has been d iscussed in 
Chapter 11. The w id t h  o f  the window o f  the  s i n g l e  channel a n a ly z e r  se t  
f o r  the sum peak was always kept narrow.  In the  i n t e r p r e t a t i o n  o f  the 
sum s p e c t ra  g rea t  care  was taken about  the p o s s ib le  summing o f  the 
Compton peaks w i t h  c e r t a i n  c o i n c id e n t  gamma rays .  The p o s s ib le  sum 
combina t ions  have been shown d o t te d  in the f i g u r e s  f o r  the v a r io u s  sum 
spec t ra  wh ich are  d iscussed below:
The sum spec t ra  ob ta ined  by s e t t i n g  the "D.D.  sum" a t  1970 Kev is  
shown in  F ig .  27. I t  shows two p rom inen t  gamma-gamma cascades 
(1168-800) and (1367-605) Kev. There is  a c o n s id e ra b le  c o n t r i b u t i o n  to
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Tab le  V
134K-Convers ion  C o e f f i c i e n t s  and K/(L + M) R a t i o  f o r  Cs
Transi  t i  on 
(Kev)
i k ( e x p )
x 103
T h e o r e t i c a l  Value 




Exp. Va 1 ue 
o f  K/L+M
M u l t i  p o l e  
Order
El E2 Ml (adopted)
563*  1 8±1 2.1 5 .9 8 .5 E2 + Ml
569+0.5 Ml
605±Q .4 5 .15 1.9 5-15 7 .5 5.2 E2
800+0.7 2 .5 ± 0 .5 1.03 2 .6 5.43 E2
1038+0.5 1 .4 5 *0 .2 1.45 5.1 E2
1168*0.5 0 . 8 * 0 . 2 0 .48 1 .1 6.08 E2 + El
1367*1 0.71-0. 15 0 .3 6 0.79 6.95 E2
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F ig .  27- Co inc idence Sum Spectra  With t h e  S in g le  Channel A n a ly z e r  Set 
a t  1970 Kev..
these sum peaks due t o  the p o s s i b l e  t r i p l e  cascades (563,605-300)  Kev 
and (539,605-797)  Kev; t h i s  i n d i r e c t l y  con f i rm s  a le ve l  a t  1970 Kev.
F ig .  28 shows the sum s pec t ra  ob ta ined  by s e t t i n g  the s i n g l e  
channel a t  1770 Kev. An Increase in  the genera l  background r e s u l t s  and 
is  due t o  some c o n t r i b u t i o n  o f  the  Comptons o f  1970 Kev gamma ray 
f a l l i n g  underneath the 1770 Kev peak. The peaks a t  1168 and 605 Kev 
i n d i r e c t l y  p o i n t s  t o  th e  e x i s te n c e  o f  1770 Kev l e v e l .  The peaks a t  
1367, 950, 800, and 400 Kev cou ld  be a t t r i b u t e d  t o  Compton peak summing.
F ig .  29 shows the  sum spec t ra  ob ta ined  by s e t t i n g  the s i n g l e  
channel a t  1640 Kev energy.  Th is  spectrum shows peaks a t  475, 605, 1038, 
and 1168 Kev energy wh ich are  due t o  605-1038 and 475-1168 gamma ray 
cascades. The r e s t  o f  the peaks a re  due t o  summing o f  Compton peaks w i t h  
some gamma rays .  The above cascades v e r i f y  the  le v e l  a t  1640 Kev.
F ig .  30 shows c o inc id ence  sum spec t ra  o b ta in e d  by s e t t i n g  s i n g l e  
channel a n a ly z e r  a t  1401 Kev energy .  This s p e c t ra  shows gamma peaks 
a t  605, 800, and 1401 Kev; t h i s  i n d ic a te s  a le v e l  a t  1401 Kev.
L i f e  Time Measurements by Delayed Co inc idence Method
The " f a s t - s l o w "  co inc id ence  spec t rometer  d iscussed in Chapter i l  
was used in  an a t tem p t  t o  f i n d  the l i f e  t imes o f  one o f  the  l e v e l s  in  
B a ^ \  The leve l  s tu d ie d  was the one a t  605 Kev s ince  i t  p ro v id e d  the  
maximum c o u n t in g  t o  w a r ra n t  such a s tudy .  As 800 Kev and 605 Kev gamma 
rays have been found t o  be E2 t r a n s i t i o n s ,  th e  e l v e l  a t  605 Kev was 
expected t o  be delayed about  10 ^  sec. To check t h i s ,  the co in c id e n c e s  
were taken between 800 and 605 Kev gamma rays as a f u n c t i o n  o f  the d e la y  
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Fig .  28. Coincidence Sum Spectra W i th  the S in g le  Channel Ana lyze r  Set 
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F ig .  29. C o inc idence  Sum Spectra  W i th  th e  S in g le  Channel A n a ly z e r  Set 
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F ig .  30.  Coincidence Sum Spectra  With  the S in g le  Channel Set  a t
1401 Kev.
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in  F ig .  31-  I t  i n d i c a t e s  t h a t  the d e lay  between 800 and 605 Kev gamma 
rays has t o  be less than abou t  0 .5  n -s e c .
F ig .  32 shows t h e  de lay  cu rve  between 1367 and 605 Kev gamma rays 
wh ich  a re  in  c o in c id e n c e .  T h is  shows t h a t  the p o s s i b l e  d e la y  between 
the  two gamma rays i s  less th a n  0.5 n - s e c .  Thus, i t  i s  conc luded  t h a t  
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CHAPTER IV 
DISCUSSION OF THE DECAY SCHEME
The t o t a l  decay energy o f  C s ^ ^  has been found t o  be 2.07 Mev.^ 
Us ing t h i s  i n f o r m a t i o n  and i n c o r p o r a t i n g  the  expe r im e n ta l  r e s u l t s  
o b ta in e d  in  our  measurements,  the decay scheme shown in  F ig .  33 was 
pos tu la ted .
The le v e l  a t  605 Kev i s  i n d i c a te d  by the e x i s te n c e  o f  a f e e b le  beta 
group w i t h  end p o i n t  energy o f  1453 Kev. Th is  le v e l  has been con f i rm ed  
by the observance o f  the 605 Kev gamma ray in  the  decay o f  
The beta-gamma and the  gamma-gamma c o inc id enc e  r e s u l t s  ob ta ined  in  t h i s  
i n v e s t i g a t i o n  p o i n t  f u r t h e r  t o  the e x i s te n c e  o f  a 605 Kev le v e l  decay ing 
t o  the ground s t a t e  w i t h  a gamma ray  o f  the same energy.
The le v e l  a t  1168 Kev i s  suppor ted  by the c o inc id ence  da ta .  
Co inc idences  between 1168 Kev and 800 Kev gamma rays were observed.
A ls o  800 Kev and 605 Kev gamma rays were found t.o be 100% In c o in c id e n c e .  
As t h i s  c o in c id e n c e  cou ld  account  f o r  about  98% o f  800 Kev gamma ray ,  
t h i s  a lm os t  exc ludes  the p o s s i b i l i t y  o f  a le v e l  a t  800 Kev. Th is  
c o n c lu s io n  i s  f u r t h e r  suppor ted  by the  f a c t  t h a t  the  n uc le i  in  the  
range 60 ^--150 (having a neu tron  o r  a p ro to n  number d i f f e r e n t  f rom
t h a t  o f  the  c losed s h e l l )  a re  no t  found to  have the r a t i o  o f  the  ene rg ies  
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. Decay Scheme o f  Cs1̂  From the  P resen t  Work. The Energy, the 
I n t e n s i t i e s  and th e  Log f t  Values o f  the  V a r ious  Beta Groups 
Are Shown.
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a l e v e l  a t  1168 i s  i n d i c a t e d .  I t  i s  f u r t h e r  con f i rm ed  by the  d e t e c t i o n  
o f  a 892 Kev b e ta -g ro u p  and the observance o f  a sum peak a t  1168 Kev in  
t h e  gamma s p e c t r a .
The observance o f  a 655 Kev b e ta  group i n  the  magne t ic  s p e c t ro m e te r  
da ta  c o n f i rm s  the  e x i s t e n c e  o f  a l e v e l  a t  1402 Kev. Th is  le v e l  i s  a l s o  
im p l ie d  by th e  c o in c id e n c e s  observed between the  655 Kev beta  group and 
two gamma rays  o f  e n e rg ie s  605 and 800 Kev. The co in c id e n c e s  observed 
between 800 and 605 Kev gamma rays and the sum peak a t  1401 Kev in  the  
gamma ray s p e c t r a  taken  a t  c lose  d i s t a n c e s ,  f u r t h e r  su p p o r ts  t h i s  l e v e l .
The le v e l  a t  1643 Kev is  suggested by the  o b s e rv a t i o n  o f  the  410 
Kev be ta  g roup .  I t  i s  f u r t h e r  suppo r ted  by th e  sum spect rum which shows 
a peak a t  1643 Kev a r i s i n g  due t o  t h e  summing o f  the  v a r i o u s  com b ina t ions  
o f  gamma rays observed in  the s i n g l e  s p e c t r a .  The o b s e rv a t i o n  o f  th e  
c o in c id e n c e s  between t h e  1038 and th e  605 Kev gamma rays f u r t h e r  p o i n t s  
t o  t h e  e x i s t e n c e  o f  t h e  same l e v e l .
The l e v e l  a t  1773 Kev is  suggested by the  o b s e rv a t i o n  o f  a sum
peak a t  1770 Kev in  th e  sum spect rum.  The co in c id e n c e s  between 605 and
1168 Kev gamma rays a l s o  suggest t h i s  l e v e l .  The sum peak c o r re s pond ing
t o  1770 Kev i s  found t o  be less in te n s e  than  t h a t  o f  1640 Kev. Th is
f a c t  i s  suppo r ted  by t h e  c o in c id e n c e  data wh ich  im p l i e s  t h a t  the  i n t e n s i t y
o f  the  gamma ray  le a v in g  the 1773 Kev le v e l  i s  o n l y  0 . 6 .  Th is  o b s e r v a t i o n
does no t  s u p p o r t  the  observed i n t e n s i t y  o f  280 Kev be ta  group found by 
43
Peacock t o  be 2.8%. The F e rm i -K u r ie  p l o t  o f  the  magne t ic  s pec t rom e te r  
d a ta  in  t h i s  reg io n  shows no ev idence  o f  a be ta  group (< .0 .2% ).
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The le v e l  a t  1970 Kev is  co n f i rm e d  by the  c o in c id e n c e s  observed 
between 800 and 1168 Kev and 1367 and 605 Kev gamma r a y s ,  r e s p e c t i v e l y .  
The sum s p e c t ra  and the  c o i n c id e n c e  sum s p e c t ra  c o n f i rm s  the  e x i s t e n c e  
o f  t h i s  l e v e l .  In  the m agne t ic  s p e c t ro m e te r  d a ta ,  a sm a l l  bump f o r  
200 -Kev gamma ra y  has been observed.  i t  i s  proposed t h a t  th e  l e v e l  a t  
1773 Kev i s  f e d  by / ' - '200  Kev gamma ra y  f rom 1970 Kev l e v e l  and i t s  
i n t e n s i t y  can be (1 + 0 .5 )% .
The ass ignment  o f  s p i n s  and p a r i t i e s  t o  t h e  v a r i o u s  l e v e l s  can be
done by the  a n a l y s i s  o f  i n t e r n a l  c o n v e rs io n  c o e f f i c i e n t s  o f  the  v a r i o u s
gamma rays and by the lo g  f t  va lues  o f  the v a r i o u s  be ta  g roups .  The
ground s t a t e  s p i n  o f  C s ^ ^  has been measured as k + The c h a r a c te r s
/  _1 *5 / Q
o f  t h e  ground s t a t e  o f  Ba ^ are  0+ which ag ree  w i t h  th e  usual  
b e h a v io r  o f  even-even n u c l e i .
The i n t e r n a l  c o n v e rs io n  c o e f f i c i e n t  f o r  th e  605 Kev t r a n s i t i o n  
f rom  the f i r s t  e x c i t e d  s t a t e  Is q u i t e  c lose  t o  t h e  t h e o r e t i c a l l y  
expe c ted  v a lu e  f o r  E2 t r a n s i t i o n .  T h is  suggests  0+ , 1+ , and 2+ 
ass ignment  f o r  t h i s  le v e l  . ^  The lo g  f t  v a lu e  o f  1453 Kev beta group 
c o r re s p o n d in g  t o  t h i s  l e v e l  is  found t o  be abou t  13 wh ich  i n d i c a t e s  
t h a t  i t  is  a second f o r b id d e n  t r a n s i t i o n  w i t h  2SJ = +  2 w i t h  no change 
in  p a r i t y . T h u s ,  the c h a r a c t e r i s t i c s  o f  the  le v e l  a t  605 Kev a r e  2+ . 
The a n g u la r  c o r r e l a t i o n  measurements done by E v e r e t t  and G laubman^  
s u p p o r ts  2+ ass ignment  t o  t h i s  l e v e l .
50 S. A. Moszkowski in  "Be ta  and Gamma Ray S p e c t ro s c o p y . "
5 ! C. S. Wu in  " N u c le a r  S p e c t ro s c o p y , "  P a r t  A, e d i t e d  by Fay 
A j z e n b e rg -S e lo v e ,  Published by Academic Press,  New York  ( i 9 6 0 ) .
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The behav io r  o f  low l y i n g  l e v e ls  in  even-even n u c le i  has been 
i n t e r p r e t e d  in  terms o f  two types o f  c o l l e c t i v e  mo t ions ,  a " f r e e
4
v i b r a t i o n  model" by S cha r f f -G o ldhabe r  and Weneser and a "shape uns tab le  
model"  by W i le ts  and Jeans.^  The l a t t e r  au tho rs  used the equa t ions  o f  
Bohr and M ot te lson^  to  c a l c u l a t e  a v a lue  o f  0 .3 ^  f o r  E|/f>w f o r  B a ^ \  
where is  the  energy o f  the  f i r s t  e x c i t e d  s t a t e  (605 Kev) and w is  
the c h a r a c t e r i s t i c  phonon f requency  o f  a t h e o r e t i c a l l y  undeformed 
nuc leus .  The in te rm e d ia te  va lue  (between zero  and one) o f  E^/fiw 
to g e th e r  w i t h  the  r a t i o  E2/ E j  = 1.93 ( . th is was assumed t o  be 2 .32 by 
W i l l e t  and Jean because 1168 Level was u n c e r t a in  whereas the 1401 Kev 
le ve l  was regarded as the second e x c i t e d  s t a t ^  o f  the energy o f  the  
second t o  the f i r s t  e x c i t e d  s t a te  p roba b ly  in d ic a te s  n e a r l y  pure 
harmonic quadrupole  v i b r a t i o n  o f  the c o re ,  w i t h  a smal l c o n t r i b u t i o n  
from the  s i x  p ro tons  beyond the  c losed  s h e l l  o f  magic number 50. As 
has been s t ressed  by Sch a r f f -G o ld habe r  and Weneser f o r  such cases the 
cascade processes between the  second and f i r s t  e x c i t e d  l e v e l s  proceed 
by E2 r a d ia t i o n  w i t h  some smal l  HI adm ix tu re .  Thus the 563 Kev 
t r a n s i t i o n  Is most p robab ly  a E2 + Ml m ix tu re .  The convers ion  c o e f f i c i e n t  
o f  563~569 Kev gamma ray as found in  these exper iments (Table V) a l s o  
l i e s  between the  va lues co r respond ing  t o  Ml and E2 t r a n s i t i o n s .  Th is  
measured va lue  can be ob ta ined  from t h e o r e t i c a l  convers ion  c o e f f i c i e n t s  
i f  we assume 569 Kev as pure Ml t r a n s i t i o n  whereas 563 Kev t r a n s i t i o n  to  
be 80% E2 and 20% Ml.  Th is  con f i rm s  the t h e o r e t i c a l l y  expected a s s ig n -
4ment o f  563 Kev gamma ray as s t ressed  by Scha r f f -G o ldhabe r  and Weneser.
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The c h a r a c te r  o f  the  le v e l  a t  1168 Kev has t o  be 0 , 1 , o r  2 t o
f i t  th e  assignment o f  the 563 Kev gamma ray t r a n s i t i o n .  S ince the l o g -
f t  v a lu e  o f  892 Kev beta group i s  11 .4 ,  t h i s  t r a n s i t i o n  i s  second
fo r b id d e n  w i t h / ^ J  = ± 2, w i t h  no change in  p a r i t y .  T h e re fo re ,  1168
H**Kev i s  most p ro b a b ly  a 2 l e v e l .  T h is  ass ignment  i s  c on f i rm ed  by th e  
a n g u la r  c o r r e l a t i o n  work o f  v a r io u s  g r o u p s ^ * ^  i t  m igh t  be remarked 
t h a t  S c h a r f f -G o ld h a b e r  and Weneser f u r t h e r  s t r e s s  t h a t  f o r  a sequence 
0+ , 2+ , 2+ the c ros s ov e r  t r a n s i t i o n  (2+ - ■» 0+ ) proceed by E2 t r a n s i t i o n .
Thus, 1168 Kev t r a n s i t i o n  i s  expected t o  be an E2. The i n t e r n a l
c o n v e rs io n  c o e f f i c i e n t  o f  1168 Kev gamma ray as found in  th e  p resen t  
i n v e s t i g a t i o n  (Tab le  V) l i e s  between the  t h e o r e t i c a l l y  expec ted  v a lu e  
f o r  El and E2 t r a n s i t i o n .  Th is  r e q u i r e s  20% o f  one o f  th e  1168 Kev 
gamma ra y  as El and 80% o f  the  o t h e r  1168 Kev gamma ray t o  be E2 ( t h e r e  
a re  two gamma rays o f  energy  1168 Kev as found from co inc id ence  
measurement) .  Thus, the 1168 Kev t r a n s i t i o n  f rom the 1168 Kev le v e l  i s  
E2 in  c o n f o r m i t y  w i t h  the t h e o r e t i c a l l y  expected va lue .
The nex t  le v e l  a t  1402 Kev does no t  have any t r a n s i t i o n  t o  the 
ground s t a t e  ( -< C 0 .2 ) .  Th is  i n d i c a t e s  t h a t  t h i s  leve l  must  have a 
s p in  The t r a n s i t i o n  between 1402 and 605 Kev i s an E2 t r a n s i t i o n
as in d i c a te d  by the  measurement o f  t h e  K -conve rs ion  c o e f f i c i e n t  o f  th e  
800 Kev gamma ray which r e q u i r e s  2+ , 3+:, o r  4+ assignment f o r  t h i s  l e v e l .  
The 655 Kev beta  group fe e d in g  t h i s  le v e l  is  found to  be th e  most 
i n te n s e .  Th is  suggests  t h a t  655 Kev beta  group should be an a l lowed  
t r a n s i t i o n  even though the measured lo g  f t  v a lu e  f o r  t h i s  group i s  h ig h .  
Thus, th e  le ve l  a t  1402 Kev should be e i t h e r  3+ o r  4+ . The a n g u la r
c o r r e l a t i o n  work  o f  the  v a r io u s  g r o u p s ^  >^8,49 f avo rs  a 4+ ass ignment  
to  t h i  s l e v e l .
The le ve l  a t  1643 Kev has two t r a n s i t i o n s  le a v in g  i t .  The 1038 Kev 
gamma ray is  found t o  be an E2 t r a n s i t i o n  f rom c o nve rs ion  c o e f f i c i e n t  
measurements (Tab le  V) ,  and the  475 Kev gamma ray has been p r e v i o u s l y  
found t o  be a E2 t r a n s i t i o n  by Schmidt ejt .aj_. ^  Thus, the  1168 Kev 
le v e l  can be 0+ , 1+ , 2+ , 3+ , o r  4+ . Th is  le ve l  i s  fed  by the  beta  
group o f  energy 410 Kev w i t h  a log f t  v a lu e  o f  abou t  10. Th is  i s  most 
p ro b a b ly  a second fo rb id d e n  t r a n s i t i o n  w i t h  A J  = + 2, w i t h  no change 
in  p a r i t y  wh ich suggests a 2+ c h a ra c te r  t o  t h i s  l e v e l .
The 1168 Kev t r a n s i t i o n  between 1773 and 605 Kev le v e ls  is  most 
p ro b a b ly  an El t r a n s i t i o n  as found from th e  K -conve rs ion  c o e f f i c i e n t  
measurement o f  the 1168 Kev gamma rays (d iscussed  e a r l i e r ) .  Th is  
suggests  1~, 2“ , o r  3 ass ignment to  t h i s  l e v e l .  As the re  i s  no 
d i r e c t  t r a n s i t i o n  observed between the 1773 Kev le v e l  and the ground
s t a t e ,  t h i s  l e v e l  may be e i t h e r  2”  or  3 .
The le ve l  a t  1970 Kev is  fed  by the  86 Kev be ta  group which seems 
to  be an a l low ed  t r a n s i t i o n  even though i t s  log  f t  v a lu e  is  h ig h .
Th is  suggests  an assignment o f  3+ or  4+ t o  i t .  The 800 Kev gamma ray 
t r a n s i t i o n  f rom t h i s  le v e l  i s  most p ro b a b ly  an E2 t r a n s i t i o n ,  which
fa v o rs  an assignment o f  4+ t o  t h i s  l e v e l .  This  ass ignment i s  a l s o
con f i rmed by t h e  a n g u la r  c o r r e l a t i o n  work  o f  v a r io u s  g roup s .^7 ,49
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